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Abstract

A decade ago nanoscience was a curiosity-driven field focusing on diverse ways to
synthesize nanoparticles and studies of their physical and chemical properties. With
enhanced understanding and ability to manipulate and control nano-synthesis on a large
scale, emphasis is now being laid upon novel applications of such systems emanating
from their unique set of properties. Amongst the most investigated of nanosystems are
semiconductor quantum dots, noble metals and functional metal oxides. The work on
metal oxides has witnessed considerable upsurge during the past few years with fields
such as solar energy conversion, water splitting, energy storage, catalysis, photocatalysis
etc. acquiring centre-stage. Another major development of the past decade has been the
progress in the field of functional carbon materials, in particular, the low dimensional
carbon systems such as fullerenes, CNTSs, and graphene. Here again the current work is

focused on fundamental science as well as application development.

In this work we have attempted to bridge these two separately developing, interesting
and key disciplines of science (metal oxide nanomaterials and functional carbon) to
explore newer application domains in the field of energy and environment. This forms the
brief introduction to the thesis and is presented in Chapter 1. A brief overview of the
techniques used for the synthesis of functional carbon, various transition metal oxides
and their nanocomposites is presented in Chapter 2 along with a general outline of the

instruments and methods used for the characterization of these nanomaterials.

Chapter 3 comprises of the synthesis of functional carbon from pyrolysis of natural
waste such as plant dead leaves which is used as electrode material in both electric
double layer supercapacitor and battery type hybrid supercapacitor. The functional

carbon derived from dead leaves shows high performance in supercapacitor applications.

In the Chapter 4 functional carbon cloth is synthesized from the pyrolysis of cellulose
fabric which is used as electrode material in alkaline electrolysis process. The use of the
carbon cloth as electrode (anode) leads to substantial hydrogen generation at sub-

threshold potential (< 1.23V) and carbon quantum dots formation at super-threshold
i



potential (> 1.23V). The detail mechanism of the hydrogen generation and quantum dots

formation is discussed in this chapter.

The Chapter 5 discusses the pulsed laser synthesis of mesoscopic Fe3O4 spheres from
bulk Fe,O3; powder. The high energy laser pulses ( hv = 5 eV) created an extremely high
local temperature of ~12000°C by transient laser heating of particles which allowed the
particles to melt and evaporate forming a micro-bubble reaction zone. Dissipation of the
energy occured by micro-bubble collapsed through new bond formation and phase
evolution. The presence of ammonia helped in the reduction of a-Fe,O3 to FesO4. The
synthesized Fe3;Oy is used as anode material in Li ion battery which shows high capacity
with high rate performance and stability.

In the Chapter 6, nanocomposites Mn3zO, and multiwall carbon nanotube (MWNT) are
synthesized by co-precipitation route, by varying the MWNT percentage which shows
excellent activity for liquid phase oxidation of p-cresol. The detail mechanism of such
high selectivity, the geometric and electronic effect of carbon nanotube on the conversion

and selectivity is discussed in this chapter.

The Chapter 7 summarizes the work described in this thesis by presenting the salient

features of the work and also mentions the possible avenues for future investigations.
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Chapter-1

Introduction

Gs chapter gives an overview of the field of nanomaterials and discusses the)

impact on science and technology. Here we have briefly discussed various

approaches for nanomaterial synthesis. The primary focus is on carbon
nanomaterials, transition metal oxide nanomaterials and nanocomposites of the two.
Also in this chapter we have emphasized various practical applications of the above
mentioned nanomaterials. Use of these materials in energy and environmental

applications are addressed in greater details. Finally, the objectives and scope of

Q\ve been discussed. /
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1.1 Preamble

Nanotechnology can be defined as the technology which allows not only the
creation of nanomaterials by a controlled way but also their utilization for an intended
purpose. It involves a combination of a variety of disciplines such as chemistry,
physics and biology. Prof. Richard Feynman, Physics Nobel laureate and Professor of
Californian Institute of technology first introduced (1959) the field of nano in his
lecture called “There is plenty of room at the bottom” wherein he gave first insight
into the possibility of creating nanosized materials by using atoms as the building
blocks.™ However, the term “nanotechnology” was first defined by Norio Taniguchi
in 1974 at the international conference on industrial production in Tokyo. @
Nanotechnology is shortened to Nanotech, which explains the study of manipulation

of matter on an atomic and molecular scale.

In the early 1990s there were a number of important discoveries and
inventions which gave an impetus to the further developments of nanotechnology as a
field of science and technology. From 1980s most scientists had embarked on the
synthesis of dispersible, stable nanoparticles of metals, sulfides and also binary
oxides. However a real breakthrough came with the invention of Scanning Probe
Microscope (SPM) which rendered an ability to probe and even manipulate atoms.
After that Smalley and co-workers discovered Cg fullerene (a spherical case of 60
carbon atoms football) during laser ablation of graphite and in 1986 Atomic Force
Microscope (AFM) was discovered by Bining and his co-workers. The latter gave us
the technological eyes to see nanomaterials and understand the corresponding
assemblies. The discoveries of some fascinating properties of semiconductor quantum
dots and a rolled version of single and multilayer graphitic carbon as represented by
carbon nanotube gave an exciting new direction to the field of nanoscience and
nanotechnology. The field has gone from strength to strength thereafter and vast
research is still going on to reap the benefits of nanotechnology in the technological
sector. There are still immense open opportunities to understand the behavior of these
nanomaterials by understanding their physical and chemical properties.

Mandakini Biswal 2 University of Pune
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Figure 1.1: (A) Gold-colloids made by M. Faraday ™€, (B) Lycurgus cup ™, (C)
Damascus sword with inset showing the microscopy image revealing incorporated
CNTs, [Hde]

In general nanomaterials are defined as materials with an average diameter
less than 100 nm (1-100nm). The length of 1 nm =10° m represents one billionth of
one meter. B%Typically a single particle of smoke is of the order of 1000 nm and a
human hair is of the order of 100,000 nanometers. The word ‘Nano’ for common
people is just a very tiny little thing. Although the word nanotechnology was coined
relatively recently, mankind has known and used the properties of such materials
hundreds of years back without really knowing the origin of their fascinating
properties. An attractive ancient bowl (Lycurgus bowl, created on 4™ century AD)
kept in the British museum, possesses some unusual optical properties. '@ It changes
color with a change of the light source. The bowl is green in normal light and red in
illuminated light. It is now realized that this unusual property of color change is due to
colloidal gold particles present in the bowl. The famous chemist and physicist
Michael Faraday had in fact prepared such gold nanoparticles 1957 to study their
interactions with light and had named them as “divided states of the metals”. M
Separately, a special kind of sword was made during the period of AD 900 to early
AD 1800 called the ‘Damascus’ sword. *** ¢ This sword was processed in a special
way which led to incorporation of multiwall carbon nanotubes in the blade and hence
it possessed remarkably high mechanical strength, flexibility, and acute sharpness.
These are just a few outstanding examples of nanotechnology as shown in Figure 1.1.
Even a range of traditional Indian medicines, such as for example gold bhasma, or
kajal used for eyes had gold nanoparticles and fullerenes, respectively, as revealed by

new research.

Mandakini Biswal 3 University of Pune
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It is now known that if the size of a material is reduced to nanoscale level, the
same material may behave very differently with totally new properties. We know the
famous golden color of gold ornaments. However, nanoparticles of gold exhibit
several size-dependent colors in the nanosize regime as shown in Figure 1.2. An
overview of many materials with different dimensions ranging from macro to nano is
shown in Figure 1.3. A question is thus raised as to why size should matter so much
in the materials properties? Why nanomaterials are so different in their property
features from their bulk counterparts? This is because in the nano-regime, classical
physics is no longer applicable and quantum phenomena predominate due to
confinement effects. Moreover, such materials also have a very high surface to

volume ratio and as such the surface properties dominate in the overall properties.

!
l
- . . =

Figure 1.2: Gold colloidal solutions with different colors corresponding to different
sizes of particles. (http://en.wikipedia.org/wiki/Colloidal_gold access on 9th July
2013)

1.2 Synthesis of nanomaterials

Controlled synthesis of nanomaterials is important for various applications
because the properties of these materials depend on size, shape, morphology and also
stoichiometry. There are mainly two broad approaches for the synthesis of
nanomaterials i.e. top-down and bottom-up. Top down approach mainly involves
physical processes such as lithography, cutting, etching, grinding etc. to break larger
bulk materials into nanosized particles. (12 Ball milling is a typical example of top-

down approach. The main advantage of this method is high scale production of

Mandakini Biswal 4 University of Pune
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nanomaterials is possible. But the main disadvantage of the top-down approach is

non-uniformity of shape, size and compositions.

PN carbon - :
AT nanotube R e
atom diameter  ransistor red blood cell grain of sand

0.1 nm A-10 nm 38 nm 10 pm 1 mm
| | | | | | | |
| | | | | | [ |
- ] 1 2 3 q 5 6
10 10 10 10 10 10 10 10 nm
1 nm 10 nm 150 pum
Dkl diarmeter protein hiurman hair diarmeter

Figure 1.3: Materials on different length scales [http://nanoscience.massey.ac.nz/
access on 9™ July 2013]

Achievement of desired particle shape and size is difficult in this process.
Hence, to overcome these disadvantages new approach of synthesis method was
developed i.e. Bottom-up approach. In this method, nanomaterials are synthesized
atom by atom, molecule by molecule or cluster approach. Chemical synthesis, laser
assembly, self assembly and also colloidal aggregations are few examples of bottom
up approaches.

Figures 1.4 and 1.5 show the schematics of Top-down and Bottom-up
approaches of synthesis along with the corresponding examples. Overall in
nanomaterial synthesis, not only small size matters but also uniformity of size,
morphology and stoichiometry are important parameters defining the overall
performance in practical applications. A detailed understanding of nanomaterial
formation and synthesis mechanisms can help to engineer the nanoparticle growth.
This can further help is attaining and controlling the desired properties in a
reproducible manner for important application domains such as supercapacitor,

battery, water splitting, catalysis etc.

Mandakini Biswal 5 University of Pune
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Figure 1.4: Schematic diagram representing Top-down and Bottom-up approaches

for nanomaterial synthesis.

Figure 1.5: Examples of Top-down and Bottom-up approaches
1.3 Properties Change from Bulk to Nano

Nanomaterials are made up of clusters of atoms and molecules and not single
atoms or molecules, hence they have an intermediate size between that of a single
atom or molecule and the bulk material. In this typical size regime, nanomaterials

show some exceptional properties which can be explained by quantum mechanics.

Mandakini Biswal 6 University of Pune
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The size of nanomaterial being close to that of a single atom, quantum confinement
effects play a major role in rendering some unusual properties to them. In case of
nanomaterials, electrons can only attain discrete energy levels contributed by a few
atoms whereas in bulk material, the energy bands are composed of closely packed
energy levels emanating from several atoms or molecules. The band diagram

evolution from single atom to nano to bulk is shown in Figure 1.6.
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Figure 1.6: Electron energy states for a bulk particle, a nanoparticle and a single

atom

1.3.1 Surface Properties

Other than quantum confinement, the second most important property of
nanomaterials is that they have a very high surface to volume ratio. If a bulk material
is divided into individual nano particles, total volume remains the same but the
collective surface area increases dramatically, which is shown in Figure 1.7 and
Table 1.1. For surface chemistry, the chemical groups which are present at the
interface of a material and its ambience are the decisive factors for the determination
of the properties such as chemical reactivity, adhesion, gas storage, catalytic activity
etc. In the case of nanomaterials, because of the exposure of large number of atoms,
the surface is highly active and reactive than their bulk counterparts.

Consider a spherical particle of radius “r”

Surface area of the particle = S = 4’
Volume of the particle =V = (4/3) n 1°

Mandakini Biswal 7 University of Pune
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So, the surface to volume ratio = (S/V) = (3/r)
From the above the surface to volume ratio is inversely proportional to ’r’.

Hence with decrease in the particle size the surface effects become more prominent.

Bulk to Nano

Increase of Surface to Volume ratio

Figure 1.7: Bulk to nano showing high surface to volume ratio.

Size of cube side Number of cubes Collective surface
area

1m 1 6 m?

0.1m 1000 60 m?

0.0lm = 1cm 10%= 1 million 600 m?

0.001lm = Imm 10°= 1 billion 6000 m?

10°m = Inm 10¥ 6 x10°= 6000 km?

Table 1.1: Increase in the surface area with decrease in size

Due to very high surface to volume ratio nanomaterials are generally unstable
and adapt various methods to minimize their energy to attain a low energy state.
Hence small nanoparticles have a tendency to form agglomeration producing larger
particles in order to minimize their surface energies. The most common example of
enhanced surface activity of nanoparticles is nano-catalyst. A very good example of
nanocatalyst is gold. In the case of bulk form, gold is stable and hence used in
jewellery, but when it comes to nanosize it is used as catalysts because of its high

reactive nature. [**

Mandakini Biswal 8 University of Pune
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1.3.2 Optical properties

Like surface chemical properties, nanomaterial also shows very different
optical properties than the bulk. The reason for this is the size modified absorption
and scattering of light in nano regime. When an object interacts with light it absorbs,
reflects and also possibly re-radiates certain wavelengths yielding a certain color.
Apart from absorption, reflection and transmission, scattering also plays an important
role. This phenomenon depends on the particle’s properties, shape and size. Multiple
scattering is also possible. Hence color in nanoparticle dispersion can be due to
interference, scattering, surface plasmons, quantum fluorescence etc. The change in
the color with the particle size of cadmium selenium Quantum Dots (QDs) is shown

in Figure 1.8.

Figure 1.8: Cadmium selenium quantum dots of different sizes showing different

colors. (http://www.greenfudge.org/2010/03/11/nanotech-lighting-are-quantum-dots-

the-future-of-lighting/ access on 9" July 2013)

Generally, metal nanoparticles show variable optical properties than their bulk
counterparts.**¥These properties depend upon size, shape, composition and
surroundings.**?1 This effect appears due to interaction of electromagnetic
radiation with the electron cloud present on the surface of metal nanoparticles leading
to surface plasmon excitation. Gold, silver and copper nanoparticles are known to
exhibit exceptional optical properties in visible and in NIR region within certain size

limit of particles. 4

1.3.3 Electronic Properties
Some nanomaterials exhibit exceptional electrical properties as well. At

extremely small dimensions the energy levels are quantized, the band overlaps present
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in the bulk materials disappear and a band gap is enhanced or created. Hence a few
metals can behave as semiconductors and semiconductors can behave as insulators
when their size is decreased. At a given temperature size dependant properties vary
significantly in semiconductors than in metals, insulators, Van-der-Waal’s crystals or
molecular crystals. In each case the density of the states is discrete at the band edges.
As a function of increasing size, the center of a band develops first and the edges
develop last. In the case of VVan-der-Waals or molecular crystals, the nearest-neighbor
interactions are weak and the bands in the solid are very narrow. As a consequence
not much size variation in optical or electrical properties is expected or observed in

the nanocrystal regime.

These changes in the properties arise because of the systematic
transformations in the density of electronic energy levels as a function of the size of
the interior which is known as quantum size effects. Nanocrystal lies in between the
atomic and molecular limit of discrete density of electronic states and the extended
crystalline limit of continuous bands. Figure 1.9a shows the band structure of metals
in bulk form, nano form and as atoms and Figure 1.9b shows the density of states in
semiconductor nanocrystals. In metals the band gap is zero (valence and conduction
bands overlap) and Fermi level coincides with the top of the filled band. The energy
level spacings being negligible, at temperatures above a few Kelvin the electrical and
optical properties more closely resemble those of a continuum, even in relatively
small sizes (tens or hundreds of atoms).**¥ In semiconductors, however, the Fermi
level lies between two bands, therefore the edges of the bands dominate the low-
energy optical and electrical behavior. The band gap of semiconductors increases with
decreasing size, because a) reduction in the band width in the nano-regime, b)
decreased number of atoms, and weakening of nearest neighbor interactions. This is
the major effect in the semiconductor nanocrystals that leads to significant changes in
optical properties as a function of the size. > ™% As the size of metal nanocrystals is
reduced, they can show insulating behaviour due to the changes in the electronic

structure. This transition is called the size-induced metal—insulator transition.
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Figure 1.9: Density of states in (a) bulk metal, metal nanocrystals and atom and (b)

semiconductor [*°¢]

1.3.4 Magnetic properties

Nanomaterials also show different magnetic properties than their
corresponding bulk materials. ¥%When the size is reduced from bulk to nano, below
a certain critical size, the magnetic particle can exist as a single magnetic domain with
all the spins coupled in the same directions. Hence the particle behaves as a single
magnetic dipole as shown in Figure 1.10. At extremely small size the magneto
hysteresis vanishes and coercive field reduces. In this case, quantum tunneling of the
magnetic moment becomes possible. If the particle size is smaller than the single
magnetic domain, the thermal energy kgT is enough to overcome the anisotropy
barrier KV. This results in the rotation of the magnetization spontaneously giving an
average zero magnetization when no external field is applied. This phenomenon is
called super paramagnetism. [°¥It occurs below a specific temperature called
blocking temperature. This can be understood from the equation kV = 25 kgTg where,
V, kg and Tg are the volume of a single particle, Boltzmann constant and blocking

temperature, respectively. 6]
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Figure 1.10: Change in the coercivity of a ferromagnetic particle with the diameter in

the super paramagnetic, single-domain and multi-domain regions. 167

From this equation, it is clear that as the particle size decreases, the magnetic
anisotropy energy KV (the energy difference involved in changing the magnetization
direction from a low-energy direction or easy axis to a high energy direction or hard
axis) also decreases. For a given particle, k, V and kg would be constant and the
thermal energy would be a function of the blocking temperature. Above the blocking
temperature, the thermal energy is sufficient to flip the spins in the magnetic material,
hence the material does not show any hysteresis loop. Consequently, for
superparamagnetic materials, a hysteresis loop is obtained only below its blocking
temperature. In case of super paramagnetic materials, a plot of magnetization (M) and
the ratio of magnetic field and the temperature (H/T) produce an universal curve for
all temperature above blocking temperature Tg. Super paramagnetism is also related
to the relaxation rate and is therefore sensitive to the characteristic measurement time

scale.

1.3.5 Mechanical Properties

Nanostructured materials sometimes show unusual mechanical properties such
as extremely high strength. Even the temperatures at which phase transitions such as
melting occurs also change. These properties show drastic changes at the nanoscale.
For example, single wall and multiwall carbon nanotubes are extremely small in size
but 100 times stronger than steel and also have lighter weight. These carbon
nanotubes have honeycomb lattice structure of graphite. Generally in addition to the
basic features of bonding the mechanical properties of a materials also depend on

several parameters such as impurities, imperfections etc. The presence of defects or
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imperfections decreases the strength of the materials. Hence because of small cross
section and less numbers of imperfections nanomaterials such as nanorods, nanowires
etc. show high mechanical strength. 7 As imperfections are thermodynamically
energy intensive, small size nanomaterials try to eliminate the imperfections to

acquire higher mechanical strength.

Apart from strength, melting points of materials also decrease with decrease in
the size. Generally, melting point can be defined as the temperature at which lattice
vibrations tend to partly overcome fraction of the intermolecular force strength that
holds them in a fixed position in a solid. In a material the atoms present at the surface
are surrounded by less number of atoms whereas atoms present inside the bulk are
surrounded by a large numbers of atoms. Since with decrease in size more atoms are
present at the surface than in the bulk the change in the size to nano level decreases

the melting point of the material. 18!

1.4 Types of Nanomaterials

Nanomaterials can be classified in various ways. Based on dimensions they
can be classified as zero dimension nanomaterials (0D), 1D nanomaterials (1D), 2D
nanomaterials (2D) and three dimension nanomaterials (3D). In zero dimensional
materials all the dimensions measure within the nanoscale. Examples 0D materials are
quantum dots, spherical of faceted nanoparticles, atomic clusters etc. In one-
dimensional nanomaterials only one of the dimensions is outside the nanoscale which
includes examples such as nanorods, nanotubes, nanowires etc. Similarly two-
dimensional materials exhibit plate- like morphology where two of the dimensions are
not confined to the nanoscale. Nanofilms or nanosheets such as graphene etc are
examples of 2D nanomaterials. Finally, the materials which are not confined to the
nanoscale in any directions are known as 3D materials. Examples are graphite,
diamonds, nano-assemblies etc. Figure 1.11 represents the 0D to 3D materials with

various examples.
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Figure 1.11: Various examples of 0D, 1D, 2D and 3D nanomaterials

Apart from this classification another important and current classification of
nanomaterials is based on their properties: i) carbon based nanomaterials, ii) metal
and metal oxides based nanomaterials, iii) dendrimers, and iv) nanocomposites.
Among all these, the present thesis focuses on carbon materials, metal oxides and

their nanocomposites.

1.4.1 Carbon based Nanomaterials

Carbon is the sixth most abundant chemical element in the universe. In 1772
Antoine Lavoisier showed that diamonds are a pure form of carbon. % Prior to that
in 1594 D.L.G. Harsten and A.G. Werner named the substance graphite that was used
in pencil for writing. In 1779 Carl Wilhelm Scheele showed that graphite is also
another pure form of carbon. ! A new form of carbon was discovered in 1985 by
Harold Kroto (Sussex University), Robert Curl, Jr. (Rice University), and Richard
Smalley (Rice University) which was called "buckministerfullerene™ because its
molecular structure resembles the geodesic domes designed by architect Buckminister
Fuller for the 1967 World's fair. ™ These "Buckyballs" or fullerenes are being
considered as attractive elements for the design of next-generation lubricants, drug

delivery systems, industrial catalysts, and nanoscale machinery.[%¢<!

Mandakini Biswal 14 University of Pune



Ph.D. Thesis | Chemistry Chapter 1 | Aug 2013

Single wall Multiwall
Fullerene Carbon Nanotube Carbon Nanotube

'\\
'\/‘\-

P ¥
.

Graphene Graphite Diamond

Figure 1.12: Various forms of carbon

Carbon is the building material for organic life and hence is the basic element
of organic chemistry. Apart from this, carbon can exist in various allotropic forms
such as diamond, graphite and also as amorphous carbon. These are the most common
and important forms of carbon. These allotropic forms of carbon possess different
physical and chemical properties and are known by their unique characteristics. ** -
221 Djamond is highly transparent and is known to be the hardest material in the
nature. The nanoforms of carbon include carbon nanotubes, graphene, porous carbon,
nanodiamonds, carbon quantum dots, fullerenes, nanofibers etc. These are shown in
Figure 1.12. [1%2%1 On the nanoscale dimensions, the properties of various carbon
materials strongly depend on their form, constitution and atomic structure. For
example, graphitic (3 dimensional) sp? carbon can be found in all reduced dimensions
such as graphene in 2D, carbon nanotubes as 1D, quantum dots and fullerenes as OD.
All these materials have different chemical and physical properties based on their
structural arrangements. Some important carbon nanomaterials, their properties and

applications are discussed below.

1.4.2 Types of Carbon Nanomaterials
1.4.2.1 Carbon Nanotubes

Carbon nanotubes had been unknowingly used in Damascus sword many
centuries back but their true form and importance was not realized until recently. In
1991 after the discovery of fullerenes Samio lijima observed multi-walled carbon
nanotubes formed in a carbon arc discharge. Two years later in 1993, single wall

carbon nanotube formation was also observed by lijima and Bethune. These
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nanotubes have been used in a variety of applications because of their unique
properties. Multiwalled carbon nanotubes have already been used in tennis racket
which is much stronger than steel and is lightweight. These are also used in sunscreen,
skin care products, UV protecting clothing etc. Carbon nanotubes can be broadly
classified into single wall and multi-wall carbon nanotubes (SWNTs and MWNTSs
respectively). Carbon nanotube has very high aspect ratio (length to diameter ratio)
than any other materials. Single-walled carbon nanotubes have a diameter of close to
1 nanometer, with a tube length that can be longer up to few centimeters. 2*The
structure of SWNT can be described by wrapping a single atom thick graphite or
graphene into cylinder. Single wall carbon nanotube exhibits important electric
properties which are not shown by multiwall carbon nanotubes. MWNTs are
composed of multiple layers of graphite rolled to form cylindrical tubes with an
interlayer spacing of 3.4A. The outer diameter of MWNT may range from1 to 50 nm
while, the inner diameter is usually of few nanometers. Generally, two models are
used to describe the structure of multi-wall carbon nanotube. One is the Russian Doll
model which describes the sheets of graphite arranged in concentric cylinders and
another is the Parchment model which describes the single sheet of graphite rolled in
around itself, resembling a rolled up newspaper or scroll of parchment. 244

CNTs are generally synthesized by several techniques such as carbon arc
discharge, chemical vapour deposition (CVD), laser ablation etc. These nanotubes can
be metallic, conducting and also semiconducting.*In carbon nanotubes, ballistic
electronic transport occurs over its long length because of its one dimensional
structure. This results in carrying high current with very negligible heating and it has
also been reported that MWNTs can carry high current densities up to 10° to
10'°A/cm? without any change in their resistance for a long time.”*" The electric
conductivity of these carbon nanotubes can be highly affected by the presence of
defects such as bending, twisting etc. The strength of the carbon nanotube is also
affected by temperature. At low temperature these are brittle. The strong bonding
between the carbon atoms provides a very high Young’s modulus and tensile strength.
The structural properties with strong bonds between the carbon atoms give nanotubes

a very high Young’s modulus and tensile strength.
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Carbon nanotubes have been used for several applications because of their
unique properties such as high electric conductivity, high thermal conductivity, high
mechanical strength, actuational properties at low voltages and field emission
properties. 2971 The specific heat and thermal properties of CNTs are dominated by
phonons because of the negligible electronic contribution due to low density of free
charge carriers. Introduction of defects into carbon nanotubes can result in various
structural changes with interesting property changes. Under certain circumstances,
defects can be introduced in carbon nanotubes in a controlled manner to get a desired
property. Because of these aspects, carbon nanotubes have been used in space
elevator, faster computer chips, better solar cells, cancer treatments, better and thinner
TVs, energy applications, flexible displays, bone healing, sensors and also in faster fly

wheels etc. 12549
1.4.2.2 Graphene

Graphene is another allotrope of carbon which was discovered in 2004 and has
gained much interest in several fields. The term graphene was first coined by Hanns
Peter-Boehm in 1962 for describing single-layer carbon foils, a combination of prefix
from word graphite and the suffix —ene.?®®! Graphene is one atom thick sheet of
carbon arranged in two-dimensions which was a surprise observation because of the
fact that a perfect crystal cannot exist in two dimensional space. " The existence of
graphene has been explained by the idea that it has intrinsic roughness. This rippling
makes graphene as a nearly perfect two dimensional crystal in 3D space which is not
forbidden.?™% Graphene is composed of hexagonal arrangements of sp?> bonded
carbon atoms which are densely packed in a Honeycomb lattice. It is the basic
structural unit of many other forms of carbon such as fullerene, carbon nanotubes and
also graphite because it can be wrapped into 0 D bucky balls, rolled into 1D carbon
nanotubes and stacked to form 3D graphite. *® Graphene can be synthesized by
chemical vapour deposition, mechanical exfoliation, chemical exfoliation, thermal
decomposition of SiC, chemical synthesis etc. Because of 2D structure, properties of
graphene differ from most 3D materials. It exhibits properties like mechanical
stiffness, strength, elasticity, high electrical and thermal conductivity etc which are
superior to many other materials. **Hence, graphene can replace any other material

in several existing applications. From experiments it has been observed that some
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properties of graphene are closer to their theoretical values such as electron mobility
of 2.5x 10°cm? V! s?, Young’s modulus of 1TPa, high thermal conductivity (above
3000WmK™), optical absorption of exactly 2.3%, high surface area etc. Electron
moving in graphene behaves like mass less Diarc Fermions, which results in very high
electron mobility at room temperature.[?®**%32 The theoretical resistivity of graphene

is expected to be 10°® Q-cm, which is less than silver.

Apart from electronic properties, graphene also is observed to possess some
exceptional optical properties. Monolayer and bilayer graphenes are zero band gap
semiconductor materials. They have optical absorption of 2.3% and hence can be
used as transparent conducting coatings. ¥ Graphene has no intrinsic band gap but
by applying external electric field the band gap can be tuned from 0-0.25eV. Because
of all these superior properties, graphene has been widely used in transistors, spin
devices, semiconductor memory devices, transparent electrodes, sensors, hydrogen

storage, charge storage, drug delivery etc. 4
1.4.2.3 Fullerenes

Fullerenes or Buckminsterfullerenes are another form of carbon which exists
in the form of hollow spheres, ellipsoids, tubes or rings. This molecule was named for
Richard Buckminster Fuller a noted architect who created the geodesic dome of the
same form. These have a structure like graphite but do not have hexagonal layers.
These contain pentagonal and heptagonal rings along with hexagons which prevent
them from being planar. They are also called as bucky-balls or bucky tubes depending
upon the shape. The smallest fullerene is Cgo in Which no pentagons share an edge. Ceo
is the most common fullerene which contains 12 pentagones and 20 hexagones. [ It
was discovered by Harold Kroto (from the University of Sussex), James Heath, Sean
O'Brien, Robert Curl and Richard Smalley (from Rice University). The structure of
Ceo Is that of truncated icosahedrons, which resembles a football made up of hexagons
and pentagons. According to rules for making icosahedra an infinite numbers of

fullerenes can exists.

In fullerene, each carbon atom is sp® hybridized and bonded to three other
carbon atoms. Cgy molecule has two types of bond lengths i.e. the 6:6 ring bonds

(between two hexagons) which are also termed as double bonds and are shorter than
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the 6:5 bonds (between pentagons and hexagons). The average bond length in
fullerene is 0.14 nm. Due to poor delocalization of electron in fullerene these behaves
like an electron deficient alkene and react readily with electron rich species. Hence,
Cso IS much reactive than expected. It is the only one structure in fullerene family
which avoids having double bonds in pentagonal rings. The need to avoid double
bonds in the pentagonal rings largely governs the stability of fullerene derivatives and

hence also controls the overall chemistry of fullerenes.

Hence, the properties of fullerenes largely depend on their structures. Mostly
fullerenes are considered to be stable molecules but not fully unreactive. Fullerenes
take part in several chemical reactions due to the easy breakage of one of the double
bonds. 1 3%%®! They also serve as strong electron acceptors in the presence of strong
inorganic donors. These are mainly used in medicines, superconductors, solar cells,

cosmetics, organic magnets etc.
1.4.2.4 Carbon Nanofibers

Carbon nanofibers are cylindrical nanostructures with stacked graphene layers
arranged into cone, cups or plates. Hughes and Chambers patented the synthesis of
filamentous carbon in 1889, which was the first technical records regarding carbon
nanofibers. " They used methanol/ hydrogen gaseous mixture and grew carbon
filaments through gas pyrolysis and subsequent carbon deposition and filament
growth. Later the structure was analyzed by electron microscope. Catalytic chemical
vapour deposition (CCVD) and chemical vapour deposition techniques have also been
used for the synthesis of carbon nanofibers. 9 In early 1950s Soviet scientists
Radushkevich and Lukyanovich showed hollow graphitic carbon fiber of 50 nm
diameter by electron microscope. B*¥ In recent decades electro-spinning has been
widely used for the synthesis of carbon nanofibers. These are extensively used in
electrode materials, field electron emission sources, platform for gene delivery,

scanning probe microscopy tips etc.
1.4.2.5 Porous Carbons

Another form of carbon which has attracted considerable research interest is
porous carbon. Porous carbon can be divided into two categories: Carbon foams with

desired architecture of pores which are used as template for making ceramics and
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activated carbon that can be defined as porous carbon with added active surface
chemical groups. These are the groups of materials with highly developed internal
surface area and porosity, and hence a large capacity for adsorbing chemicals from
gases and liquids. In industries, these activated carbons have been widely used for
several years for water purification and gas storage applications. Because of their
porous nature these possess very high surface area (more than 2000 m?g™) and have
potential applications for gas storage and energy areas. Generally activated carbons
are manufactured by the pyrolysis of carbonaceous materials of natural products such
as peat, wood, coal, fruit stones, and shells and also from polymers such as
polyacrylonitrile viscose rayon etc. "*9 These can be synthesized on a large scale
and are commonly activated by external activating agents by chemical or physical
activations to introduce pores into carbon matrix. Chemical activation includes
activation by using KOH, ZnCl,, NaOH etc. and physical activation is usually done

with steam, CO; etc. 373!

Sometimes due to the presence of internal activating agents external activation
is not necessary for the creation of pores. The internal activating agents help in the
creation of appropriate pores during the pyrolysis process. Porous carbon materials
have been widely used as electrode materials, water purification, gas storage, as
catalyst support etc. Research is still going on to improve pore size distribution and
structure to achieve maximum performance of the materials. Few images of porous

carbon are shown in Figure 1.13.

Figure 1.13: Images of porous carbon derived from various sources
1.4.2.6 Nanodiamonds

Nanodiamonds are generally referred to as the nanosized diamonds having
dimension of less than 100 nm. A nanodiamond is made up of diamond core (size 1-

10 nm) containing carbon atoms in the sp* hybrid state shielded by a carbon onion
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cover containing carbon atoms in the sp? hybrid state. A hybrid layer occurs between
the core and the cover that may contain carbon atoms in both sp® and sp* hybrid
states. Among few methods for the synthesis of nanodiamonds detonation method is
the most famous method. 2% %% In this method, a mixture of trinitrotoluene (TNT) and
hexogen are detonated to form nanodiamonds with a size of around 5 nm. Detonation
nanodiamonds were first synthesized in 1962 by a group of Soviet scientists Yevgeny
Zababakhin, including K. V. Volkov, Vyacheslav Danilenko and V. I. Elina. The
detonation nanodiamond grains mostly have diamond cubic lattice and are structurally
imperfect. % “% 4l These have a round shape with an active surface area and
diamond-like hardness. These properties make them useful for a number of
applications. Nanodiamonds also have wear resistance and lubricating power like oil.
These have already been used in some commercial products such as lapping,
polishing etc. Nanodiamonds have also found use in some medical applications such

as administering insulin which acts as a growth hormone into the body. %

1.4.3 Metal Oxide Based Nanomaterials

Metal oxides are the most interesting materials which exhibit a variety of
structures and wide range of properties hence they have important role in various
areas such as physics, chemistry and also in materials science. **! Amongst the broad
classes of metal oxides, transition metal oxides have attracted most of the research
interest because of their high impact on the technology sector. Transition metal oxides
are the compounds composed of transition metals and oxygen atoms. Transition
metal oxides have fascinating properties such as semiconducting, magnetic, dielectric,
piezoelectric as well as physical, chemical, thermal, optical, mechanical,
electrochemical and catalytic properties.[44] They can exhibit metal semiconductor
insulator transitions, superconductivity, colossal magnetic resistance (CMR),
dielectric, piezo, pyro, ferroelectricity, magnetism such as ferromagnetism,
paramagnetism, antiferomagnetism, and multiferroicity. Because of such wide range
of properties, immense research is going on to manipulate their properties for a
variety of applications. Metal oxides are expected to play a vital role in meeting the
increasing demands of present and future technologies which other materials are not

able to accomplish. Hence the research effort is towards the fabrication of engineered
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nanomaterials to improve their properties in order to get enhanced or multiple

functionalities than the existing technologies.

The usual properties of these metal oxides are due to the outer d electrons. A
single transition metal can exhibit a variety of oxides such as monoxide, dioxide,
trioxide etc. because of a variety of possible oxidation sates. [**! Hence these oxides
can be metallic at one end and insulator at the other end. They have also interesting

electronic as well as magnetic properties.

by

orbitals

3221 x’-y? zx yz xy
Figure 1.14: Five‘d’orbitals. In the cubic crystal field, this fivefold degeneracy is

lifted to two eq [(3z%-r?), (x*-y?)] and three tyy [2X, yz, xy] orbitals

Figure 1.14 shown above represents 5d orbitals which play an important role
in various applications of transition metal oxides. (¢! For example, transition metal
oxides have been used in memory devices, optoelectronics, catalysis, environmental,
industrial and also in biomedical applications. They are mostly used as dielectrics,

semiconductors and metals, and as materials for magnetic and optical uses.

In this work, we have synthesized several transition metal oxide nanoparticles
such as Mn30,, Fe;03, Fe304, TiO; etc. and studied their properties for applications
such as catalysis, electrode material for Li ion battery, supercapacitors, environmental

applications etc.

1.4.4 Carbon —transition metal oxide nanocomposites

Nanocomposites are materials that incorporate nanosize particles into a matrix
of standard materials. The result of the addition of nanoparticles improves some of the
properties such as mechanical strength, toughness, electrical or thermal conductivity
etc. In carbon transition metal oxide nanocomposites carbon usually serves a matrix in
which metal oxide nanoparticles are embedded. Nanocomposite materials have lot of
research interest because of the advantage over bare carbon or bare metal oxides. In

various types of nanocomposites carbon metal oxides nanocomposite is the most
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popular research area because of the interesting properties of carbon materials.
Incorporation of carbon in to the nanocomposite can enhance stability, mechanical
strength, electrical and thermal conductivity etc. Generally, carbon materials such as
graphene, carbon nanotubes, porous carbon etc. have been commonly used as matrix
for metal oxides such as TiO,, ZnO, Fe304, Mn304, MnO;, SnO,, NiO etc. in the
nanocomposite formations. Transition metal oxide carbon nanocomposites have
gained research interest in the fields of energy storage, solar cells, H, generation, and
catalysis. Various nanocomposites have already been employed in different
technology sectors such as solid polymer electrolytes for batteries, thin films capacitor

for computer chips, automotive engine parts, fuel cells, food packaging etc.

1.5 Applications of Nanomaterials

A basic and general overview of various carbon materials and their
nanocomposites was presented in the previous sections. In the current research work
carbon materials such as carbon nanotubes, porous carbons, carbon cloth; metal
oxides such as Mnz04, Fe304, TiO,; and several nanocomposites of the two have been
synthesized and tested. These materials have been studied for various applications
such as supercapacitor, Li ion battery, catalysis, H, generation, photocatalysis and
also for environmental application such as water purification. In the following
sections we have mainly discussed the following applications: Supercapacitor, Li ion

battery, catalysis, H, generation, photocatalysis and water purification.

1.5.1 Energy Storage

Electric energy is the dominant form of energy used in many developed and
developing countries and hence the demand for the electric energy is increasing much
faster. ) Since energy generation and usage requirements need not be concurrent the
most logical approach is to store energy efficiently for later use when required.
Growing interest in portable electronic devices and electric vehicles has increased the
demand for clean and high performance energy storage devices. The groups of
devices that can store energy are batteries, capacitors or supercapacitors.[*!
Supercapacitors store electrical energy directly in the form of electrical charges.
These are highly efficient (high power density), but have low energy density. 1!
Batteries can store energy chemically and can release it reversibly according to the

demand. Batteries have high energy density but with a limited cyclic capability. ©
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Overall most existing technologies are not able to meet the current economic
requirements. Hence enormous research is ongoing for low cost, safe, small size and
light weight energy storage devices with high cyclability and durability to meet the

energy sector demands.

Energy storage devices are characterized by their energy density (energy
stored per unit volume) and power density (how fast that energy can be delivered
from the device). Batteries have been always the preferred storage device for most of
the applications because of their superior energy storage capability (high energy
density). Despite high energy storage however, these have limitations of low power
density and lack of stability and durability. Hence batteries do not fulfill the
requirement of high power. Because of these limitations battery and conventional
capacitor industries are not able to fulfill today’s energy storage need. However
supercapacitor with the capability of high energy density and power density can be
used more efficiently to meet the energy demand, and hence has advantage over both
capacitors and batteries. Novel designs of hybrid battery-supercapacitor systems are

also being intensely researched.
1.5.1.1 Supercapacitor

Supercapacitor is the electrochemical capacitor that has high capacitance and
high energy density as compared to a conventional capacitor and high power density
as compared to a battery. In addition they also possess high stability and durability as

compared to batteries.

Conventional capacitors consist of two conducting electrodes which are
separated by an insulator or a dielectric material. When external voltage is applied to
a capacitor opposite charges accumulate on the surface of each electrode. The
dielectric present separates the charges and produces internal electric field that allows
the capacitor to store charges. The schematic diagram of a conventional capacitor is
shown in Figure 1.15.
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Figure 1.15: Schematic of a conventional Capacitor
Capacitance C; for a capacitor can be represented by the formula.
Cs =Q/V 1.1

Where Q is the charge stored and V is the applied voltage. For a conventional
capacitor Cs is directly propertional to the surface arae A of each electrode and

inversley propertional to the distance D between the electrodes.
Cs = (g, &A)/D 1.2

Where g and e are constants and represent the dielectric constant
(permittivity) of free space and of the insulating material between the electrodes,

respectively.

Energy density (Sg) of a capacitor can be represented by the following
equation,

Sg = C(AV)?/2 13

To determine the power density of a capacitor, it can be considered as a circuit
in series with an external load resistance R as shown in Figure 1.15. The internal
components of the capacitor such as electrode, dielectric material, and current

collector also contribute to the internal resistance and hence can be represented by
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equivalent series resistance (ESR). Hence the maximum power Py.x Of a capacitor can

be represented by the following equation below.
Phax = V2/4 x ESR 1.4

Hence for max power ESR has to be minimized. Conventional capacitor has
relatively high power density but also has low energy density when compared to
batteries and fuel cells. As stated earlier, a battery has a high energy density but it
delivers the energy slowly.

A supercapacitor basically works on a similar principle as a capacitor.
However its design is characteristically different with very high surface area
electrodes and with much thinner auto-formed dielectric layer that leads to nanometer
scale distance between the electrodes. From the above equations it is clear that both
increasing surface area and decreasing distance between the electrodes increases the
capacitance dramatically. Hence a supercapacitor has a high specific capacitance,
energy density as well as power density than conventional capacitors. Figure 1.16
shows charging and discharging cycles of a supercapacitor. The advantages and

disadvantages of supercapacitor have been listed below.
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Figure 1.16: Charging and discharging state of supercapacitor
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Advantages of supercapacitor

Long life time

High power density (Rapid charging and discharging)
Absence of chemical reaction

Recycle ability

Cost-effective energy storage

Extended operation temperature range

Meets environmental standards

Improved safety (Supercapacitors do not explode even if overcharged)

AN N NN Y U N NN

Light weight

Disadvantages of supercapacitor

v Low energy density (Typically holds one-fifth to one-tenth

v Low voltage (Serial connections are needed to obtain higher voltages)
v' Linear discharge
v

Higher self-discharge than that of an electrochemical battery

The performance of a supercapacitor and battery is represented by Ragone plot
which represents the plot of energy density vs. power density. ®? Figure 1.17 shows
the Ragone plot for battery, supercapacitors, conventional capacitors and fuel cells.
From this figure it can be clearly seen that the supercapacitor has the performance
between battery and conventional capacitors. %! Although it has high power density it
has to still improve the energy density like high end batteries and fuel cells. Based on
the current research trend supercapacitors can be classified into electric double layer
capacitors (EDLC), pseudocapacitors and hybrid capacitors based upon the
mechanism involved in the charge storage. In EDLC type capacitor there is no
involvement of Faradic reactions (oxidation or reduction) and charge storage takes by

surface adsorption with the formation of double layer formation. £
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Figure 1.17: Ragone plot for energy storage devices

[http://www.mpoweruk.com/performance.htm]

In the case of pseudocapacitors the oxidation and reduction reactions take
place at the interface and hence faradic charge storage phenomenon occurs via the
transfer of charges between electrode and electrolytes. %1 A hybrid capacitor stores

charges by the combination of both Faradic and non-Faradic type mechanisms.

1.5.1.2 Electrochemical Double Layer Capacitors (EDLC)

These are the most commonly used and commercialized supercapacitors.
EDLC type supercapacitor involves two similar carbon based electrodes, an
electrolyte (aqueous/organic) and a separator (that provides electric insulation but
allows transfer of ions). The mechanism of charge storage in EDLC type
supercapacitor is shown in Figure 1.18. When an external voltage is applied through
the electrodes the +ve and -ve charges separate and migrate towards opposite
electrodes and the separator acts as a barrier for the recombination of ions. Hence
charges are accumulated at the electrode / electrolyte interface and form a double
layer. The double layer formation occurs between a conductive solid and liquid
interface, and forms two charged layers with a separation of several angstroms only.
Hence it stores the charges more efficiently. In EDLC type supercapacitors
completely non-Faradic type charge storage occurs and there is no involvement of any
oxidation and reduction reactions. As no transfer of charge is involved EDLC type
capacitors they operate are highly reversibly and allow very high cyclic stability.
Sometimes these show the stability up to 10° cycles whereas cyclic stability of battery

is limited only to 10° cycles.
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Figure 1.18: Mechanism of charge storage in electric double layer capacitor and

pseudocapacitor

The performance of EDLC largely depends upon electrolyte and electrode
materials. The electrolyte used in EDLC is either aqueous (H,SO4, KOH, Na,SO,
etc.) or organic electrolytes (e.g. LiPFg in ethylene carbonate, diethyl carbonate and
dimethyl carbonate. Aqueous electrolyte can operate only up to 1V because of the
limitation of water splitting but it has low ESR value as compared to the organic
electrolyte. On the other hand, organic electrolyte can be operated up to a much
higher voltage (3-4 V). Hence increase in the potential window increases the energy
density but simultaneously compromises the capacitance value because of high

internal resistance in the case of organic electrolytes.

In the case of an aqueous electrolyte, as the size of the electrolyte ions is small
it can easily penetrate deep inside through the porous network and can access
maximum surface area which results in high capacitance. However in the case of
organic (non-aqueous) electrolytes due to relatively larger ionic sizes of the
electrolyte ions, they are unable to penetrate through smaller pores and hence cannot
access all the surfaces, resulting lowering of capacitance. Hence the choice of

electrolyte often depends upon the intended applications.

The nature of electrode materials also is a matter of concern in supercapacitor
performance. Usually the electrode materials used in EDLC are high surface area
carbon materials. Carbon materials are low cost materials and can be synthesized

easily on a large scale, hence reduce the cost of overall fabrication. A variety of
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carbon materials have been studied for EDLC type supercapacitors such as activated

carbon, carbon aerogels, carbon nanotubes, graphene etc.

Among all the carbon based materials activated carbon is the most commonly
used and commercialized carbon in EDLC. These are low cost materials with very
high surface area (> 2000 m%g) and are having porous structures including
micropores (< 2 nm), mesopores (2-50 nm) and macropores (> 50 nm). These
materials are synthesized from carbonaceous materials such as coal, peat, coconut
shells, plant waste etc. ™ The carbon derived from these materials are usually
activated to introduce pores into the carbon surface by external activating agents.
Carbon electrode materials usually have higher surface area, low cost, and well
established fabrication techniques than other materials, such as conducting polymers
and metal oxides. % 5" Although capacitance is directly proportional to surface area
not all high surface area carbons give high capacitance. ®7 %%®! The important factor
for high capacitance is the comparative size of the electrolyte ions with the pore size
of the electrode materials. If the electrolyte ions are too large in size then they cannot
diffuse into smaller micropores and hence the entire electrode surface cannot be
accessed by the electrolyte ions. Similarly if the pores are too big such as macropores
then there is a loss of surface because of the larger pores. % %% Hence the pore size
should be optimized according to the electrolyte ions. There should be a narrow
distribution of pores with which maximum electrode surfaces can be accessible to
electrolyte ions results in high capacitance. Hence immense research is currently
ongoing to improve the pore structure and to control the pore size of the carbon
materials to get the highest capacitance with high energy density and power density.
Apart from activated carbon, carbon aerogels, carbon nanotubes, graphene have been

widely used as electrode materials in supercapacitors. %60
1.5.1.3 Pseudocapacitors

In contrast with EDLC, pseudocapacitors store charge by Faradic reactions
through the transfer of charges between the electrode and electrolyte. This basically
involves oxidation reduction reactions electrosorption and intercalation processes.
(5551261 Because of charge transfer through Faradic reactions these can store a high

amount of charge and hence high capacitance is achieved. ****! Simultaneously due to
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the lack of reversibility it has to compromise with the stability. The basic charge
storage mechanism of pseudocapacitors has been shown in Figure 1.18. In this type
of capacitors the electrode materials used are metal oxides and/or conducting

polymers.

Because of their high conductivity some specific metal oxides have been used
as electrode materials in pseudocapacitors. °** ®3 For instance, Ruthenium oxide has
been widely used as electrode material. In aqueous medium the capacitance of
Ruthenium oxide is too high than an EDLC type capacitor. RuO, also has low ESR
and hence it has high energy density as well as power density. But the use of RuO,
has been limited because of the high cost. Hence a major area of research has been
focusing on the use of low cost metal oxides for supercapacitor. Transition metal
oxides such as MnQO;, Co304 NiO, etc. have already been tested for the
pseudocapacitor. Apart from metal oxides conductive polymers also have relatively
high capacitance and conductivity with low ESR. Commonly n-type and p-type
conductive polymers are used as the electrode materials and have high capacity with
high energy and power density; but the lack of suitable n-type conducting polymers
limits the use of conducting polymers in supercapacitors. Also the mechanical stress
on the conducting polymers during Faradic reactions affects the stability of these
materials. % % This lack of durability and stability limits the use of these materials

in supercapacitor in the technology sectors.
1.5.1.4 Hybrid Supercapacitor

As discussed above there are some advantages and disadvantages of batteries
and supercapacitors, in charge storage applications. The most crucial matter in these
devices is the improvement in the energy density in case of EDLC type
supercapacitor, and power density, durability in case of battery. There are three ways
to overcome these limitations. One way is to change the electrode materials to a
higher capacity material, second is to replace the electrolyte with an ionic liquid
which can be operated at a higher potential, and the third and possibly most
interesting is to use a hybrid type configuration. Many studies are now being
performed on an effective hybrid type battery configuration. Hybrid systems combine

both Faradic and non-Faradic processes to store charge. These have superior energy
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and power density than either case without compromising the cycling stability and
affordability. Generally Hybrid capacitor can be broadly classified on the basis of

electrode configuration such as a composite, asymmetric and battery type.
1.5.1.5 Composite Type

In these types of hybrid systems composite materials of carbon with metal
oxides or conducting polymers are used as electrode materials. Because of carbon
materials double layer charge storage phenomenon occurs along with the Faradic type
charge storage attributed to metal oxides or conducting polymers. Carbon materials
provide a high surface area, stability as well as double layer charge storage whereas
metal oxides and conducting polymers increase the capacitance by the Faradic
reactions. [** ® To get better performance the amount of carbon and that of the
pseudo-capacitive material in the composite have to be optimized. Hence use of
composite materials in supercapacitors can overcome the individual limitations of

bare materials.
1.5.1.6 Asymmetric

Asymmetric supercapacitor combines Faradic and non-Faradic processes by
combining EDLC type electrode with pseudocapacitor type. Among the two carbon
electrodes in the EDLC type one is replaced by pseudocapacitor type material such as
a metal oxide or a conducting polymer °®" These are of great current interest because
of their projected high performance. The problem of stability, irreversibility and
durability can also be improved by using asymmetric electrode configurations. Also
the limitation of suitable n-type conducting polymer can be overcome by replacing
this with activated carbon. This asymmetric configuration of conducting polymer
(Faradic) and activated carbon (non-faradic) can achieve high capacitance as well as

high stability because of the use of activated carbon. [¢®
1.5.1.7 Battery Type

Similar to the asymmetric-type configuration, the battery-type hybrid
capacitor couples one supercapacitor electrode with a battery electrode. This
configuration combines high energy of a battery and high power of a supercapacitor

to make an efficient device. Generally in a battery-supercapacitor hybrid type one
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electrode is activated carbon and another one is composed of materials such as
Li;TisO1, (LTO) with electrolyte 1 M LiPFs (EC/DMC). Li" intercalates into the
carbon electrode during charging of the cell. " This approach can overcome the
energy density limitation of supercapacitors and also improves the stability. Recently
a group of researcher developed a novel hybrid system that has achieved high energy
density, high stability and high safety. %8 A new lithium-ion based hybrid capacitor
which uses lithium titanate (Li;TisO;2) or LTO as negative intercalation electrode that
can operate at unusually high current densities has also been developed. This
Li,TisO12 negative electrode, which performs at a high rate has a unique nanostructure
consisting of unusually small nanocrystalline LisTisO12, nucleated and grafted onto
carbon nanofiber anchors (nc-LisTisO1/CNF). This type is most popularly called as
“nanohybrid capacitors”. It has been proved that LisTisO;, is a stable and safe
electrode material which operates at a potential of 1.55V (vs Li/Li") which is outside
the potential range that electrolyte decomposes. 8 There are certain advantages
associated with the use of LTO which are a) high coulombic efficiency ~100% during
charge and discharge, b) safe charge and discharge at a constant potential of 1.55 V vs
Li/Li*, c) high theoretical capacitance (172 mAhg™) that is 4 times higher than
activated carbon, d) inexpensive raw material. Hence such a nanohybrid

supercapacitor renders a much superior performance than the other cases.

Hybrid supercapacitor systems represent a potentially strong approach to meet
the goal of an effective increase in the energy density, stability and durability. This
type of capacitors can be used for both high energy and high power applications.
Hence these can be considered as the future energy storage devices for many potential

technologies.

From the above discussion it is clear that carbon materials are the most
common electrode materials for supercapacitor. The main challenge in the use of
carbon materials is to obtain high surface area with optimum porosity and high
conductivity. All three properties are important parameters for the supercapacitor
application. Generally carbon materials are synthesized by chemical synthesis, by
pyrolysis of natural waste, polymers, chemical vapour deposition (CVD) etc. Among
all these techniques pyrolysis of natural waste is the most efficient, cost effective and

large scale technique. The carbon synthesized by pyrolysis needs activation by
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activating agents such as KOH, NaOH, CacCl; etc to introduce pores to achieve high
surface area. In our work we have synthesized high surface area functional carbon
from natural waste materials such as dead Neem leaves by pyrolyzing in insert
atmosphere without any external activation. This carbon derived from Neem
(Azadirachta indica) dead leaves showed high specific capacitance in EDLC and
hybrid type supercapacitors. To verify the generic nature of dead leaves another type
of dead leaves such as Ashoka (Saraca asoca) was also examined. It was observed
that the constituents of dead leaves affect the supercapacitor performance of the

carbon formed.
1.5.1.8 Battery

Battery is another most common energy storage device. It most commonly
called as electrochemical cell. In battery electrical energy is generated by the
conversion of chemical energy by redox reactions at anode and cathode. Reactions at
anode usually take place at lower electrode potential than that of cathode and these
termed as —ve and +ve electrode, respectively. As compared to a supercapacitor the
battery currently holds a higher position in the technology sector. Batteries are
devices that store chemical energy and can convert this on demand to electrical
energy to power several applications. Batteries are generally 3 types: primary battery
which can be discharged once and then discarded, secondary battery or rechargeable
battery that can be charged several cycles and can be reused, and the third specially
designed type used for military and medical purposes. ® These have high energy
storage capacity than supercapacitor but deliver power slowly (low power density).
Battery can operate over a wide range of temperatures and at high voltage. The
overall applicability and performance of battery for commercialization depends upon

several factors such as cost, performances, reliability etc.
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Figure 1.19: Charging and discharging cycles of a lithium ion battery

Among all the battery types, rechargeable batteries are the most popular and
commonly used batteries. There are many rechargeable batteries such as lead acid
battery, nickel cadmium battery and Li ion battery. ! Among all these types, Li ion
battery with high energy density and lighter weight has replaced most of the other
batteries. Since in this work we have studied Li ion battery aspects, the focus of the
ongoing discussion is on Li ion battery. ™ Several materials have been tested as
anodes and cathodes in Li ion batteries. "™The most common Li ion cell consists of a
carbon anode and lithium cobalt oxide (LiCoO,) as cathode along with an electrolyte
lithium hexafluoro phosphate (LiPFg) salt with Ethylene carbonate organic solvent

mixture. /074

The mechanism of Li ion cell is shown in Figure 1.19 which involves
insertion type mechanism. Li ions are inserted and reinserted in the respective charge
and discharge cycles. In charging, the Li* ions are derived from the cathode and
inserted in between the layers of graphite and form LiCg and. In the discharge cycle
they are drawn out from the anode (commonly graphite) and go back to the cathode.

The reactions involved in charging and discharging cycles are as follows:
At cathode
Charging

LiCoO, ——> Li1«C0O+ XLi" + xe’

Discharging
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At anode
Charging

6C+xLi*+xe" «———— LixCq
Discharging

Net reaction
Charging

LiCo0O,+6C — Li;.«C0O,+LixCsg
Discharging

The performance of Li ion battery largely depends upon the anode and cathode
materials. Generally the cathode materials are Li containing materials which must be
capable of providing Li. Suitable candidate for cathode materials are LiCoO; (Lithium
Cobaltate), LiNiO, (Lithium Nickelate) and LiMn,O4 (Lithium Manganate). Among
all these materials LiCoO; is the most commonly used cathode material because of its
reversibility, discharge capacity and charge-discharge efficiency. For anodes the
material should have high Li storage capacity. ['*™ Mostly carbon materials have
been used extensively as anodes in Li ion battery. Three types of carbon materials
have been widely studied as anode materials such as graphite, graphitizable carbon
(soft carbon), and non-graphitizable carbon (hard carbon). ' Anode and cathode
materials are the main focus of research in Li ion battery to achieve a high
performance. Li ion battery has many advantages over other types of batteries such as
high energy density, low self discharge, low maintenance, ability to operate over a
wide range of temperatures and at high voltage such as 3.6-3.8 V. The high energy
density of Li ion batteries makes them useful for several applications. Along with
these advantages there are some disadvantages of batteries which limit their use such
as high cost, ageing, protection requirements etc. Despite some such limitations there
has always been a high demand for rechargeable Li ion batteries after Sony released
the rechargeable battery in 1991 for the first time. In addition to a high energy
density, this battery offered excellent low-temperature characteristics, load
characteristics and cycle stability. As a result, it became an essential source of power
for audio and video equipment, personal computers, portable telephones, and other
portable equipment very quickly. Thereafter Sony has been putting in significant

efforts for the next generation batteries with improved performance. Light-weight and
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more compactness have now become necessary criteria for portable electronics. In
these circumstances the Li ion batteries which charge them play quite a key role.
Hence along with light-weight and compactness the performance has to be improved

to match the increasing technology demands.

Various metal oxides are known to be very promising electrode materials for
Li ion battery. Mainly three types of materials are used as electrode materials for Li
ion battery which are insertion type, conversion type and alloying type. Graphite,
Nb,Os, LisTisO1, etc are known as insertion type materials whereas Fe,O3;, CoO,
Co030,, NiO, FesO, etc are used as conversion electrode materials. ! Alloying
materials includes materials such as Si, Ge and Sn etc which generally form an alloy
during interaction with Li. ™ Insertion type of materials have higher operating
potential with low discharge capacity whereas alloying type electrode materials have
problems of agglomeration growth of passivation layers which restrict the full
utilization of reversible insertion/de-insertion process. Hence among all these types of
electrode materials, conversion type electrode materials possess high capacity and
operate up to high potentials. But in conversion type of electrodes cyclability is a
major issue. Among different types of electrode materials Fe,O3; and Fe3;O4 materials
are known to possess high capacity in Li ion battery. However degradation of capacity
is often observed in these types of materials because of conversion type reactions. ["*!
In this work have synthesized Fe3O, particles by novel synthesis methods and studied
their electrode properties as anode materials in Li ion battery. This material shows a
high capacity of 1000 mAhg™ with very high cyclic stability. The mechanism of
formation of Fe;O, particles and the behavior of this material as an electrode material

in battery has been studied in details.

1.5.2 Water Splitting

Water splitting is a common term for a chemical reaction in which water is
split into oxygen and hydrogen. For a viable and sustainable hydrogen economy,
efficient and economical water splitting is the key factor. Hydrogen is a potential fuel
for motive power and portable electronics. " Free hydrogen does not occur naturally
in quantity and hence has to be generated by various processes such as steam
reformation of hydrocarbons, water electrolysis, biomass, natural gas, or (after

gasification) coal etc. ["® Coal gasification can produce large amount of hydrogen and
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electricity, however the energy required for the necessary sequestration increases the
rate at which coal reserves are depleted. Similarly although biomass is a sustainable
energy resource, it cannot supply the required amount of hydrogen. With all these
drawbacks of the above mentioned methods we cannot just use whatever resources are
available to us for the H, generation. The production of hydrogen in efficient ways

employing low cost methods is absolutely necessary to fulfill the energy demands. !

Among all the methods electrolysis of water is the most important method
whereby water can be split into hydrogen and oxygen by applying direct electricity.
[8] As compared to other methods such as fossil fuels and biomass production, in the
water electrolysis process hydrogen generated is 99.999% pure which is the main
advantage of this method. From the technological point of view at present an
advanced alkaline electrolyzer produces significant amount of H, but to meet the
energy demand the production rate has to be significantly higher than the current rate.
Hence further research is necessary to look for a high rate, low cost H, generation

process.

In water electrolysis process, a direct current is circulated through the water to
split the water molecule into hydrogen and oxygen. The current flows between the
two electrodes which are immersed in the electrolyte to raise the ionic conductivity.
The electrolysis process always requires a separator to avoid the recombination of
hydrogen and oxygen generated at the electrode. The separator should have high
ionic conductivity, high physical and chemical stability. The schematic diagram of

water electrolysis process is shown in Figure 1.20.

Figure 1.20: Schematic Diagram of water electrolysis process with two electrodes
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The reaction for the electrolysis of water can be written as
H,O (I) —>H>(g) + 1/20,(g)

In this process the electrons are taken or released by the ions at the electrodes
surface. The reduction half-cell reaction takes place at the cathode and the oxidation
reaction takes place at the anode. In this process the electric energy and thermal
energy are converted into chemical energy and stored in hydrogen and oxygen. For an
ideal electrolysis process the voltage required is 1.23V, but in a real electrolysis
process voltage is higher, ~1.48 V, because of the thermodynamic irreversibility. To
carry out the electrolysis process in a much more efficient and cost effective way
researchers have used carbon as a part of the energy source. Coughlin and Farooque
in 1979 reported hydrogen generation based on the use of sacrificial coal slurry as a
carbon source in an electrolysis cell. ! The main key point in this process is that the
electrical energy demand for hydrogen generation is minimized because part of the
energy is supplied by the carbon oxidation at the anode as it gets consumed in the
electrolysis process. According to Farooque and Coughlin the possible reaction at the
anode and cathode are as follows

Anode: C(s) +2H,0 (I) — CO,(g) + 4H™+4e"
Cathode: 4H"+4e" — 2H,(Q)
Net reaction: C(s) + 2 H,O (I) — CO- (9) + 2H, (9)

From the above reaction AG is calculated to be 9.6 kcalmol™ of H,O. This
lower value of free energy reduces the required voltage for the electrolysis. The
calculated voltage from this reaction is as low as 0.21V which is a factor of 6 lower
than the case of an ordinary electrolysis process. This greatly reduces the electrical
energy requirement due to the consumption of carbon during the electrolysis process
which supplies additional electrons during the process. The rate of production of
hydrogen depends upon several factors such as surface area of the carbon used,
catalysts types, temperature, electrolyte types etc. During the past few years the effect

of these parameters on the hydrogen production rate has been studied in details. !

In this context, we have synthesized specially processed carbon materials to

act as electrodes for water electrolysis. These have not only exhibited superior
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performance than the existing materials but have brought out some interesting new
science. For the electrolysis of water we have used conducting a carbon cloth which
was synthesized by controlled pyrolysis of a cotton cloth. This electrode was used as
an anode material in the electrolysis process offering interesting advantages over
using coal slurry for H, generation. The high surface area and porous nature of carbon
cloth generate hydrogen much more efficiently at low voltage in an alkali medium.
The efficiency of H, generation was observed to be much superior in the case of
carbon cloth than other anode types such as stainless steel and Pt electrodes. The
mechanism of H, generation in the case of carbon cloth was studied in detail.
Interestingly we also found that controlled electrolysis at higher voltages yields

carbon quantum dots by this novel process.

1.5.3 Catalysis

As discussed in the above sections, nanomaterials materials have proved their
importance in several fields. Catalysis is another important area wherein
nanomaterials have been used extensively and successfully. In past several years
immense research has been conducted for the use of nanomaterials as catalysts and
catalyst supports. ¥ The extremely small size of a nanoparticle enhances the surface
area and hence exposes more active sites for the reactants to adsorb, which enhances
the rates of reactions. The advances in nanotechnology allow the ability to design,
synthesize and tune nanomaterial properties for certain applications. Interestingly, the
exposure of certain planes leads to high selectivity in case of nanocatalyst which is

difficult to realize in their bulk counterparts.

In catalysis, three different major directions have been developed which
include homogeneous catalysis, heterogeneous catalysis and enzymatic catalysis. In
homogeneous catalysis, high activity and high selectivity have been generally
observed but suffer from a major drawback of separation and recyclability. This can
be overcome using heterogeneous catalysts sometimes compromising on activity.
Nanocatalysts act like a bridge between homogeneous and heterogeneous catalysts
offering unique solutions to challenging problems. Nanocatalysts show not only high
activity and selectivity but are easy to recover through suitable material engineering.
Nanomaterials such as metal oxides, metals, carbon materials and their composites

have already been studied in great details as nanocatalysts. The properties of these
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catalysts can be tuned by varying different morphologies, sizes, facets etc. for
achieving the specific objectives. Metal oxides such as MnO,, Mn30,4, TiO,, CuO,
Cu,0, Fe,03, Fe304, zeolites and metals such as Fe, Cu, Co, noble metals etc. have

(82]

been widely used as nanocatalysts in various applications. The surface areas of

metal oxides can be further enhanced by embedd in high surface area matrix such as

Carbon nanotubes, porous carbon, graphene, and carbon nanofibers provide
high surface area and high mechanical strength to the catalysts. ¥ Some of the
conducting support also tunes the electronic properties of the catalysts. Because of
nanocomposite formation sometimes due to the exposure of certain planes of catalysts
the selectivity to a particular product can be enhanced. Hence both geometric as well
as electronic effect plays important roles in the case of nanocomposite catalysts.

Several industrial applications of these nanomaterials as catalyst includes fuel
cells, exhaust catalysts, photo-catalysts, enantioselective catalysts etc. Vast research is
being conducted to improve the performance of these catalysts to get better output.
Hence the main objective of nanocatalysis research is to improve activity and
selectivity, realize low energy consumption, and achieve a long life time of the
catalysts. This goal can be achieved by controlling the size, shape, thermal and

chemical stability of the individual nanoscale components of a nanocatalyst.

In our work we have synthesized various nanocomposites of MnzO, and
multiwall carbon nanotubes (MWNT) and tested their properties for catalytic
oxidation of p-cresol and also as an electrode material for supercapacitor and battery
applications. These nanocomposites with different ratios of MnzO, and MWNT have
shown very promising results. Mn3zO, is a versatile oxide having wide range
applications in ion exchange, magnetic storage media, electrode material, solar energy
transformation, molecular adsorption, oxygen reduction reaction etc. 4 Mns0,
nanoparticles have been well reported for catalyzing s oxidation of methane and
carbon monoxide and the selective reduction of nitrobenzene. They have also been

extensively used as electrode materials in Li ion battery and supercapacitors.

1.6 Objectives and outline of Thesis
We have discussed the history of nanomaterials and its impact on modern

research. Various applications of these nanomaterials have been discussed at length in
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this chapter. From these discussions it is clear that intense research is still needed to
further improve the properties of various carbon materials, metal oxides and their
nanocomposites to fulfill the desired property requirements. The objective of the
thesis has been to synthesize carbon based materials, transition metal oxides and their
nanocomposites by employing novel routes for energy and environmental applications
such as Li-ion battery, supercapacitors, H, generation and catalysis. The detailed
synthesis  mechanisms and the  structure-constitution-morphology-property

relationships have been examined and pursued in more details.

Keeping these objectives in mind, outline of my thesis includes the following

chapters.

The important concepts in nanoscience with brief history and a literature survey of the
properties and applications of nanomaterials have been discussed in Chapter 1.

In the Chapter 2, a brief overview of the techniques used for the synthesis of
functional carbon, various transition metal oxides and their nanocomposites
functionalized is presented. Furthermore, a general outline of the instruments and

methods used for the characterization of these nanomaterials is also presented.

The Chapter 3 discusses the synthesis of functional carbon from pyrolysis of natural
waste such as plant dead leaves which is used as electrode material in both Electric
double layer supercapacitor and battery type hybrid supercapacitor. It is shown that

this functional carbon shows high performance in supercapacitor applications.

In the Chapter 4 functional carbon cloth is synthesized from the pyrolysis of
cellulose fabric which is used as electrode material in alkaline electrolysis process.
The use of the carbon cloth as electrode (anode) leads to substantial hydrogen
generation at sub-threshold potential (< 1.23V) and carbon quantum dots formation at
super-threshold potential (> 1.23V). The detail mechanism of the hydrogen generation

and quantum dots formation is discussed in this chapter.

The Chapter 5 discusses the pulsed laser synthesis of mesoscopic FezO4 spheres from

bulk Fe,O3 powder. The high energy laser pulses ( hv = 5 eV) created an extremely
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high local temperature of ~12000°C by transient laser heating of particles which
allowed the particles to melt and evaporate forming a micro-bubble reaction zone.
Dissipation of the energy occured by micro-bubble collapsed through new bond
formation and phase evolution. The presence of ammonia helped in the reduction of
o-Fe;03 to Fe3O4. The synthesized Fe3O, is used as anode material in Li ion battery

which shows high capacity with high rate performance and stability.

In the Chapter 6, nanocomposites Mn3O, and multiwall carbon nanotube (MWNT)
are synthesized by co-precipitation route, by varying the MWNT percentage which
shows excellent activity for liquid phase oxidation of p-cresol. The detail mechanism
of such high selectivity, the geometric and electronic effect of carbon nanotube on the

conversion and selectivity is discussed in this chapter.

The Chapter 7 summarizes the work described in this thesis by presenting the salient

features of the work and also mentions the possible avenues for future investigations.
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Chapter-2

Experimental Methods and Characterization Techniques

(I'his chapter presents a brief description of the nanomaterials synthesis methods used\
in the research work, such as, sol-gel and co-precipitation, carbonization by
pyrolysis, laser synthesis. This follows with the discussion on various experimental

tools employed to characterize the structural, optical and electrical properties of the

Qynthesized nanomaterials. )
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Section -I
2.1 Synthesis Techniques
Over the past decades researchers have developed various techniques for
synthesis and characterization of nanomaterials. Synthesis of nanomaterials is the
most crucial and challenging step for the efficient use of these nanomaterials for
several potential applications. The morphologies and properties of nanosystems and
composites mainly depend upon their synthesis methods and protocols.

The first discovered nanomaterial was synthesized by vacuum evaporation of
iron in inert gas and condensed on cooled substrate.™ After that a number of methods
had been developed for the fabrication of nanoparticles including inorganic ceramics
and organic compound, i.e. arc plasma torch to produce metallic powder, %! laser
induced chemical vapor deposition method (CVD) to produce individual compounds,

[ and microwave plasma enhanced CVD to produce hard and brittle nanomaterials.

Discovery and identification of newer properties of nanomaterials always lead
to novel developments of synthesis, modification, and characterization techniques.
Hence nanoscience has been largely associated with various discovery phases where
new nanomaterials with novel properties and applications are born. The nature of
engineered nanomaterials and their proposed uses provide strong reasons for the
implementation of new chemistry in the development of the novel materials and

applications.

The synthesis of multi-functional metal oxides and carbon based
nanomaterials under desirable low temperature and mild conditions, with controlled
size, shape and pure phase still remains a major task for scientists. Soft chemistry
routes represent the most attractive alternative, because they allow good control from
the molecular precursors to the final product at low processing temperatures, resulting
in the formation of nanomaterials with high purity and compositional homogeneity.
The advantages of such approaches include: (i) wet chemical control on oxidation
states, (ii) ability to template various nanostructures, (iii) relatively low process cost,
(iv) ability to form nano, meso and micron sized particles and thin films. The present

research work is mainly focused on the synthesis and characterization of layered

Mandakini Biswal 54 University of Pune



Ph.D. Thesis | Chemistry Chapter 2 | Aug 2013

ultrathin graphitic (conducting) forms of carbon, transition metal oxides based

nanomaterials and their nanocomposites.

2.1.1 Co-precipitation Methods

Precipitation and co-precipitation are important and highly successful wet
chemical methods for the synthesis of various nanoparticles. Basically, solutions of
different ions are mixed in well-defined proportions and under controlled conditions
of heat, temperature, and pressure to promote the formation of insoluble compounds
which precipitate out of solution. These precipitates are then collected through
filtering and/or spray drying to produce a dry powder. The advantages of these wet
chemical processes are that a large variety of compounds can be fabricated, including
inorganic, organic, and also some metals, in inexpensive equipment and in
significantly large quantities. Another important factor is the ability to control particle
size and produce highly monodisperse materials. It is essential to control the factors
that determine the precipitation process, such as the pH, temperature, concentration of
the reactants and ions. Organic molecules are used to control the release of the
reagents and ions in the solution during the precipitation process. The particle size and
morphology are significantly influenced by the reactant concentration, pH, and

temperature.

2.1.2 Sol Gel method

The sol-gel technique is one of the most widely used soft chemical methods
and is mainly applied for the synthesis of metal and semimetal oxides. In sol-gel
process, starting from molecular precursors an oxide network is obtained via
inorganic polymerization reactions leading to the final nano-powder product. First
silica sol-gel was prepared by Eblemen in 1856 and first homogenous mixed oxide gel
was prepared by Rustum Roy in 1956. There are two ways of implementing the sol-
gel process: aqueous and non-ageuous routes. In most cases, the precursor or starting
compound is either an inorganic metal salts (acetate, chloride, nitrate, sulphate etc.) or
a metal organic species such as metal alkoxide. Transition metal alkoxides are very
reactive towards the nucleophilic reagents such as water. This is because of the
electrophilic nature of transition metal ions due to lower electro-negativity and their

ability to exhibit several co-ordinations where full coordination is usually not satisfied
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in the molecular precursors, thus allowing coordination expansion. Due to this high
reactivity, they must be handled with great care, in dry environment and are often

stabilized via chemical modification.

The main principle of the classical sol-gel process is the controlled hydrolysis
of metallo-organic compounds (alkoxides) in an organic solvent. The sol-gel process
involves olation (formation of hydroxyl bridges) and oxolation (formation of oxygen
bridges) reactions during hydrolysis (reactions 2.1-2.3)."! The oxolation condensation
reaction is responsible for the formation of colloidal agglomerates, and the oloation

addition reaction is responsible for their aggregation into a polymeric gel.

=M-OR + H0 — =M-OH + HOR (Hydrolysis).........c.ccccevvnene 2.1
=M-OH + RO-M= — =M-0-M= + HOR (Condensation).......... 2.2
2(EM-OH) — =M-0O-M= + H,0 (Addition)..........ccccevvrerrrnnnen. 2.3

Where R is alkyl group and M is metal or semimetal.

The gel formation depends on different parameters including the nature of
starting Material (s) (precursor[s]), kind of solvent, precursor concentration in the
solvent, alkoxy to water ratio, temperature of the reaction, pH, kind of catalyst,
stirring and aging time.

Sol-gel and aero gel processes are the most widely used routes and involve a
colloidal sol which is converted into a gel during aging. ") Metal alkoxides serve as
starting materials and can be hydrolyzed by water. The alkoxides have been
extensively used for the production of oxides and glasses. During hydrolysis, alkoxy
groups are replaced by strong OH nucleophiles, and the following condensation and
addition steps lead to the formation of oxide chains. The sol-gel synthesis goes
through the formation of a sol of colloidal particles or units in a solution, gelation of
the sol by the agglomeration of these particles or sub-units into a big gel network

structure, removing of the solvent, and heat treatment to transfer gel into solid.
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Depending on reaction conditions, the sol particles may grow further or form gel. The

sol-gel process can be used for the preparation of a variety of materials (Figure 2.1).
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Figure 2.1: Sol-Gel processing options
(http://www.gitam.edu/eresource/nano/nanotechnology/bottamup%?20app.htm)

The drying of the sol gives powders. The application of dip-coating or spin-
coating leads to the preparation of the thin films. The removal of the solvent by drying
causes the shrinking of the gel and significant reduction in the volume due to
increasing capillary forces. The high capillary pressure in the pores causes the
collapse of the gel network structure and the production of less porous powder
(xerogel). In contrast, the supercritical extraction when the solvent is removed above
its critical temperature preserves the structure of the gel network and yields a highly
porous material  xerogel). Dense ceramic material or glass can be produced by

sintering the xerogel or aerogel.
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2.1.3 High temperature Pyrolysis

Pyrolysis is a thermo-chemical decomposition of organic material at elevated
temperatures in the absence of oxygen (or any halogen). It involves the simultaneous
change of chemical composition and physical phase, and is irreversible process. The
word is coined from the Greek-derived elements pyro "fire" and lysis "separating".
The process is used heavily in the chemical industry, for example, to produce
charcoal, activated carbon, methanol, and other chemicals from wood, to convert
ethylene dichloride into vinyl chloride to make Poly Vinyl Chloride (PVC), to
produce coke from coal, to convert biomass into syngas and biochar, to turn waste
into safely disposable substances, and for transforming medium-weight hydrocarbons

from oil into lighter ones like gasoline.
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Figure 2.2 Photo of split-tube furnace

This is the most common method for the synthesis of carbon nanomaterials. ©-
1 past few decades this synthesis method has been widely used for the synthesis of
activated carbon and porous materials from natural or manmade by-products.*? In
this process usually the samples are allowed to heat to very high temperature
(~1000°C) for certain time in a split tube furnace (Figure 2.2) under continuous argon
flow. At high temperature the materials burn and form carbonized products with some
degree of graphitization. This method is mostly used to synthesize valuable products

from waste materials, organic molecules etc.
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2.1.4 Pulsed Laser synthesis method

Laser irradiation is a unique technique to control the shape and size of
particles. In this method high energy laser pulses are allowed to interact with the
precursor samples present either in solid or liquid medium for certain time period. It is
a very unique method for the synthesis of nanoparticles because of high local heating
(up to several thousand to tens of thousand degrees depending on the parameters) by
laser pulses bringing out reformulating chemical changes in the molecules. Several
transient reactions can be manipulated with the laser irradiation by adding some
external reagents which can construct totally new compounds after the photo-thermal
melting and vaporization. After the short time melting, evaporation and
recondensation either photo-fusion or photo-fragmentation of the particles has been

observed leading to bigger particles or smaller particles, respectively.'**
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Section -1

2.11  Characterization Techniques

A detail analysis of properties of the nanoparticles is very crucial in order to
employ them for any application. When material’s dimensions are reduced to
nanoscale they have different properties from their bulk counterparts. Their structural,
electronic and optical properties drastically change when the size is reduced. Such
changes in the properties can make the analysis complicated at times. Therefore it is
very important to select the appropriate characterization technique that will give
precise and clear information about the nanomaterials under study. Following sections
present the discussion on the various characterization techniques used for the present

doctoral work.

2.11.1X-Ray Diffraction

X-ray crystallography is the most crucial tool for studying structural properties
of metal oxides. ¥ X-ray diffraction (XRD) is a fast, non destructive, analytical
technique primarily used for phase identification of a crystalline material and can also
provide information on unit cell dimensions. XRD patterns are generated from the
interference pattern of elastically dispersed X-ray beams by atom cores (Figure 2.3).
For materials with moderate/long range order information about atomic structure and
particle characteristics such as size, strain, defects etc. can also be obtained via XRD

patterns.i**!

This technique is suitable for thin films, bulk and nanomaterials. In case of
nanostructures, the change in lattice parameter with respect to bulk gives idea of
nature of strain present in the film. In the XRD instrument, a collimated
monochromatic beam of X-rays is incident on the sample. A constructive interference
occurs only for certain@’s correlating to those (hkl) plane, where path difference is an
integral multiple (n) of wavelength. Based on this, the Bragg’s condition is given by

2dsin® = n\ 2.4

Where, A is the wavelength of the incident X-ray, d is the interplaner distance,
‘0’ is the scattering angle and n is an integer-called order of diffraction. In
nanostructures, X-rays are diffracted by the oriented crystallites at a particular angle

to satisfy the Bragg’s condition. Since the value of & and A is known, one can
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calculate the interplaner spacing. The XRD can be taken in different modes such as &
26 scan mode, 6 -26 rocking curve, and ¢ scan. In the #26 scan mode, a
monochromatic beam of X-ray is incident on the sample at an angle of & with the
sample surface. The detector motion is coupled with the X-ray source in such a way
that it always makes an angle 26 with the incident direction of the X-ray beam
(Figure 2.3). The resulting spectrum is a plot between the intensity recorded by the

detector versus 26. Schematic view of XRD is shown in Figure 2.3.

Normal to surface

rs,
Oqf’oe

Figure 2.3: Representation of X-ray Diffraction. The & -26 scan maintains these
angles with the sample, detector and X-ray source. Only planes of atoms that share
this normal will be seen in the 6-260 scan.

The incident X-rays may reflect in many directions but will only be measured
at one location so we will require:
Angle of Incidence (6;) = Angle of Reflectance (6,) 2.5

This is done by moving the detector twice as fast in (0) as the source. So, only
where 0; = 6, will be the intensity of the reflected X-rays to be measured.

Nanomaterials have smaller sized crystallites and significant strains due to
surface effects, causing considerable peak broadening and shifts in the peak positions
w.r.t standard data. From the shifts in the peak positions, one can calculate the change
in the d-spacing, which is the result of change of lattice constants under strain. The
crystallite size (D) is calculated using Scherrer’s formula:

D=kA/PBcosH 2.6

Where, k = Scherrer’s Constant = 0.9, B = Full Width at Half Maximum (FWHM),
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Only disadvantage of XRD is its less sensitivity towards low-Z materials, thus usually
high-Z materials are used. In such cases, electron or neutron diffraction is employed

to overcome the low intensity of diffracted X-rays.

2.11.2Raman Spectroscopy

Raman spectroscopy is a powerful tool to analyze structural/morphological
properties of solid oxides at a local or near surface level due to the strong sensitivity
of the phonon characteristics to the crystalline nature of the materials. %!

In Raman spectrometer, when a beam of visible light is passed through the
sample a small amount of the radiation energy is scattered, the scattering persisting
even if all other extraneous matter are rigorously excluded from the substance. If a
monochromatic radiation is used and if the scattered energy is almost same as the
incident frequency then it is called as Rayleigh scattering, however in addition, if
some discrete frequencies above and below that of the incident beam are observed to

scattere, it is referred to as Raman scattering. ']

Virtual N
Energy State
A A
Vibrational
Energy State
A 4
A 4 v
Ground Electronic State
Infrared Rayleigh Stokes Raman Anti-Stokes Raman
Absorption Scattering Scattering Scattering

Figure2.4 Energy level diagram for Raman scattering; (a) Stokes Raman scattering
(b) Energy level diagram for Raman scattering; (a) Stokes Raman scattering (b) anti-

Stokes Raman scattering ™"

The energy level diagrams for Raman scattering with Stokes, Anti Stokes and

Raleigh Scattering has been shown in Figure 2.4. According to quantum theory of
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radiation, when photons having energy ‘hv’ undergo collisions with molecules, if the
collision is perfectly elastic, they will be deflected unchanged. A detector placed to
collect energy at right angles to an incident beam will thus receive photons of energy
‘hv’, i.e. radiation of frequency ‘v’. However, it may happen that energy is exchanged
between photon and a molecule during the collision (such collisions are called
inelastic). The molecule can gain or lose amounts of energy only in accordance with
the quantum laws; i.e. its energy change, AE (joules) must be the difference in energy
between two of its allowed states and it must represent a change in the vibrational
and/or rotational energy of the molecule. If the molecule gains energy AE, the photon
will be scattered with the energy hv- AE and the equivalent radiation will have a
frequency v- AE/h. Conversely, if the molecule loses energy AE, the scattered
frequency will be v+ AE/h. Radiations scattered with a frequency lower than that of
the incident beam is referred to as Stokes’ radiation, while that at higher frequency is
called anti-stokes’ radiation. Stokes’ radiation is accompanied by an increases in
molecular energy, which is very common (subject to certain selection rules) while
anti-stokes’ radiation involves a decrease in molecular energy (which can only occur
when the molecule is originally in an excited vibrational/rotational state), stokes’

radiation is generally more intense than anti-Stokes’ radiation.

Sample

LASE

Muuochrumam{

Figure 2.5: Schematic diagram of Raman Spectrometer

[http://www.isu.edu/chem/instr_Raman.shtml]

Figure 2.5 shows the schematic of Raman spectrometer. Raman Spectrometer

consists of Laser beam (very narrow, monochromatic, coherent and powerful) which
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when passed through the cell, usually a narrow glass or quartz tube filled with the
sample, light get scattered sideways from the sample, which is collected by a lens and
passed into a grating monochromator. The signal is measured by a sensitive PMT and
after amplification; it is usually processed by a computer which plots the Raman

spectrum.

2.11.3Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) , due to its unique characteristics
allow one to achieve atomic resolution of crystal lattices, hence is one of the most
powerful and versatile techniques for the characterization of nanostructured systems.
It can also be used to obtain chemical and electronic information at the sub-nanometer
scale (with the assistance of energy-dispersive X-ray spectroscopy (EDS)
complementary techniques). The line diagram of a typical TEM column is shown in
Figure2.6. In TEM, a thin specimen is illuminated with uniform and high intensity
electrons. The interaction of an electron beam with a solid specimen results in a
number of elastic or inelastic scattering phenomena (backscattering or reflection,
emission of secondary electrons, X-rays or optical photons, and transmission of the
undeviated beam along with beams deviated as a consequence of elastic — single atom
scattering, diffraction - or inelastic phenomena). The TEM technique is dedicated to
the analysis of the transmitted or forward-scattered beam. The beam is passed through
a series of lenses to obtain the magnified image. The Objective lens mainly
determines the final image resolution. In low resolution TEM, the objective aperture
is adjusted for selection of the central beam (containing the less-scattered electrons) or
of a particular diffracted (or scattered in any form) beam to form the bright-field or
dark-field image, respectively. In high resolution TEM (HRTEM) is usually
performed in bright-field mode where the image is formed by collecting a few

diffracted beams in addition to the central one.

Angular distribution of scattering can be viewed in the form of diffraction
patterns, commonly referred to as selected area electron diffraction (SAED). Spatial
distribution of scattering can be observed as contrast in images of the specimen. This
arrangement allows direct viewing of the area from which the diffraction pattern

arises. Moreover, Kikuchi patterns obtained by inelastic scattering of electrons is also
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very useful for understanding the crystallographic orientation as these are rigidly
attached to a crystal plane and therefore move in the diffraction pattern when the
crystal is tilted.

Many materials require extensive sample preparation and thinning procedures
to produce a sample thin enough to be electron transparent, and this process may
cause some changes in the sample. Therefore sample preparation method should be
selected carefully. The field of view in TEM is relatively small, which can raise the
possibility that the region analyzed may not be representative of the whole sample.
There is also a possibility of the sample getting damaged by the electron beam,
particularly in the case of biological materials. Despite these limitations, TEM has
been the technique of choice due to the atomic-level resolution leading direct visual
information of size, shape, dispersion and structure. Further, when coupled with
SAED, the technique can provide important information on the crystallographic
[18,19]

directions in the structures, helpful to understand the growth Kinetics.
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Figure 2.6 Schematic diagram of the Transmission Electron Microscope.
[http://www.rpi.edu/dept/materials/ COURSES/NANO/shaw/Page5.html]
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2.11.4Scanning Electron Microscope (SEM)

Scanning Electron Microscopy allows direct observations of topography and
morphological features with high resolution and depth of field than optical
microscope. A typical schematic of a SEM is shown in Figure 2.7. The two major
components of SEM are the electron column and control console. ?% The electron
column consists of an electron gun and two or more electron lenses, which influence
the path of electrons travelling down an evacuated tube. The control console consists
of a cathode ray tube viewing screen and computer to control the electron beam. The
purpose of electron gun is to provide a stable beam of electrons. Generally, tungsten
or Lanthanum hexaboride (LaBg) thermionic emitters are used as electron gun. The
spot size from a tungsten gun is too large and requires electron lenses to demagnify it

to place a much smaller focused electron spot on the specimen.

When the electron beam impinges on the specimen, many types of signals are
generated and any of these can be displayed as an image. The two signals most often
used to produce SEM images are secondary electrons (SE) and backscattered
electrons (BSE). Most of the electrons are scattered at large angles (from 0° to 180°)
when they interact with the positively charged nucleus. These elastically scattered
electrons usually called 'backscattered electrons' (BSE) are used for SEM imaging.
Some electrons scatter inelastically due to the loss in kinetic energy upon their
interaction with orbital shell electrons.

Incident electrons may knock off loosely bound conduction electrons out of
the sample. These are secondary electrons (SE) and are used for SEM topographical
imaging. Both secondary and back scattered electrons (BSE) are collected when a
positive voltage is applied to the collector screen in front of detector. When a negative
voltage is applied on the collector screen only BSE signal is captured because the low
energy SEs is repelled. Electrons captured by the scintillator/ photomultiplier are then
amplified and used to form an image in the SEM. If the electron beam knocks off an
inner shell electron, the atom rearranges by dropping an outer shell electron to an
inner one. This excited or ionized atom emits an electron commonly known as the

Auger electron. Recently Auger electron spectroscopy (AES) has also been useful to
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provide compositional information. Here instead of excited atom releasing Auger
electron, it can release a photon of electromagnetic radiation. If the amount of energy
released is high, the photon will be an X-ray photon. These electrons are characteristic
of the sample and can be used for analysis. This type of analysis is known as Energy

Dispersive analysis of X-rays (EDAX).
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Figure 2.7: Schematic diagram of the Scanning Electron Microscope.

[http://www.purdue.edu/rem/rs/sem.htm]

2.11.5Photoluminescence Spectroscopy
Photoluminescence (PL) is the spontaneous emission of light when a material

is optically excited. The appropriate excitation energy and intensity is required to be
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scanned properly to probe the sample’s discrete electronic states accurately. When a
light of sufficient energy is incident on a material, photons are absorbed causing
electronic transitions within the allowable energy states of the material. Eventually,
these excitations relax and the electrons return to the ground state. If radiative
relaxation occurs, the emitted light is called PL. This light can be collected and
analyzed to yield a wealth of information about the photo-excited material. The PL
spectrum provides the transition energies, which can be used to determine electronic
energy levels, defects and impurity states in the sample. The PL intensity gives a

measure of the relative rates of radiative and non-radiative recombination.

PL is divided into two categories, fluorescence and phosphorescence,
depending upon the electronic configuration of the excited state and the emission
pathway. Fluorescence is the property of some atoms and molecules to absorb light at
a particular wavelength and to subsequently emit light of longer wavelength after a
brief interval, which is characterized as the fluorescence lifetime. The process of
phosphorescence occurs in a manner similar to fluorescence, but with a much longer

excited state lifetime.

PL is a simple, versatile, and nondestructive measurement technique. The PL
signal is characterized by two essential features: peak energy and intensity. The
excitation energy and optical intensity can be chosen properly in order to yield more
accurate information on the energy levels available to electrons in the material. The
PL signal often depends on the density of photo-excited electrons and the intensity of
the incident beam. The intensity of the PL signal depends on the rate of radiative and
nonradiative events, which depends in turn on the density of nonradiative interface.
Figure 2.8 represents the conduction band valence band direct transition along with
donor states to valence and, conduction band to acceptor and then non radiative
recombination via intermediate states. The bottom picture of Figure 2.8 shows the
schematic layout of photoluminescence set-up. Usually, defects and impurities break
the periodicity of the lattice and perturb the band structure locally. This perturbation is
attributed to the discrete energy levels lying within the band gap. Depending on the

defect or impurity, the state acts as a donor or acceptor of electrons in the lattice.
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Surfaces and interfaces contain a high concentration of impurity or defect states.
Dangling bonds at a semiconductor surface or defects give rise to electronic states
within the bandgap. These mid-gap states fill up to the Fermi level with electrons that
originate in the bulk of the material. The fundamental limitation of PL analysis is its
reliance on radiative events. Materials with poor radiative efficiency, such as low-

quality indirect bandgap semiconductors, are difficult to study via ordinary PL.

photon photon l photon

Source Sample

Figure 2.8: (a) CB to VB direct transition, (b) Donor states to VB, (c) CB to acceptor
states, (d) Non-radiative recombination via intermediate states and Figure. at down

shows: Schematic Layout of PL Set-up

2.11.6 Fourier Transform IR Spectroscopy

FTIR (Fourier Transform Infrared) Spectroscopy provides information about
the chemical bonding or molecular structure of organic or inorganic materials. For
this measurement, the sample is illuminated with infrared radiation which excites the
vibrational modes in the chemically bonded functional groups. This spectrum appears
only when the vibrations amongst bonded atoms produces a change in the permanent
electric dipole moment of the molecule or solid. Usually it is considered that for a

Mandakini Biswal 69 University of Pune



Ph.D. Thesis | Chemistry Chapter 2 | Aug 2013

more polar bond, the IR signal arising from the corresponding bond is more

intense. 1?2
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Figure 2.9: Schematic diagram of Fourier Transform Infra Red Spectroscopy
(http://www.sp.phy.cam.ac.uk/~SiGe/FTIR.html)

The schematic diagram of a Fourier Transform Infra Red Spectrometer is
shown in Figure 2.9. The spectrophotometer consists of mainly source,
monochromator and detector. The source is in some form of filament (e.g. Nernst
Filament, made of a spindle of rare earth oxides or globar filament, made of
carborundum rod) which is maintained at red- or white-heat by an electric current.
The monochromator guides IR beam and focuses to the sample. The detectors are
based on either temperature (bolometer/thermometer) or conductivity rise at given

frequency (PbS).

The advantage of using FTIR is that the whole spectrum is obtained across the
entire frequency range at once with the same resolving power over the entire range.
The technique works on the fact that bonds and groups of bonds vibrate at certain
characteristic frequencies. A molecule that is exposed to infrared rays absorbs infrared
energy at frequencies which are characteristic to that molecule. During FTIR analysis,
a spot on the specimen is subjected to a modulated IR beam. The specimen's
transmittance and reflectance of the infrared rays at different frequencies is translated
into an IR absorption plot consisting of reverse peaks. The resulting FTIR spectral

pattern is then analyzed and matched with known signatures of identified materials in
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the FTIR library. For sample preparation, well-dispersed nanoparticles are drop-
coated onto Si (111) wafers and air-dried while powdered samples are mixed with
standard KBr powder. The FTIR measurements of these samples are carried out on a
Perkin Elmer Spectrum One FTIR spectrometer operated in the diffuse reflectance

mode at a resolution of 4 cm™.

2.11.7UV-VIS Spectroscopy

UV-VIS Spectrometer presents information about the spectroscopic absorption
of light by the material of interest due to electronic transitions. In semiconductors,
when the incident photon energy exceeds the band gap energy of the materials,
transition of electrons take place and signal is recorded by the spectrometer whereas
in metals when the surface free electrons vibrate coherently with the incident
frequency then resonant absorption takes place. This spectrometer can operate in two
modes (i) transmission and (ii) reflection mode. For thin films and colloidal
nanoparticles well-dispersed in solvent transmission mode is used. For opaque

samples diffuse reflectance (DRS) mode is used.

Instrument: The light from the source is alternatively split into one of two beams by a
chopper; one beam is passed through the sample and the other through the reference.
The detector, which is often a photodiode, alternates between measuring the sample
beam and the reference beam. Some double beam instruments have two detectors, and
the sample and reference beam are measured at the same time. In other instruments,
the two beams pass through a beam chopper which blocks one beam at a time. The
schematic of UV-VIS Spectrophotometer in transmission mode has been shown in
Figure 2.10.

Reference
| Cuvette
~— e

Source
Slit Sample m_

[
Cuvette

\ N Detector

Figure 2.10: Schematics of UV-VIS Spectrophotometer in Transmission Mode
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Broadening of spectral transitions: The possible sources for the signal broadening:
(a) Doppler Broadening: Random motion of nanoparticles in the liquids and gaseous
samples causes their absorption and emission frequencies to show a Doppler shift and
hence the spectrum lines are broadened. This effect is more pronounced in liquids
than gaseous samples due to significant collisions in solutions. In the case of solids,
the motions of the particles are more limited in extent and less random in direction, so
that solid phase spectra are often sharp but show evidence of interactions by the
splitting of the lines into two or more components. (b) Heisenberg’s Uncertainty
Principle: If a system exists in an energy state for a limited time ‘6t’ seconds, then the
energy of that state will be uncertain (fuzzy) to an extent ‘0E’ and is given by JE x ot
~h2n=10%Js ,where h = Planck’s Constant.

Usually life time of excited state is 10® sec, i.e. 10° Hz uncertainty in the radiation
frequency which is, in fact, small as compared to UV-Vis frequency regime (10* —
10'® Hz).

Intensity of Spectral lines: There are three main factors that decide the intensity of
spectral lines: (i) Transition probability: The likelihood of a system in one state
changing to another state which is usually governed by quantum mechanical selection
rules. (ii) Population of states: The number of atoms/molecules initially in the state
from which the transition occurs. It is governed by the equation: Nypper/ Niower = €Xp (-
AE/KT); Where, AE = Eypper - Eiower , T= temperature (K), k = Boltzman’s Constant =
1.38 x 102 J/K. (iii) Concentration and path length: Clearly since sample is
absorbing energy from a beam of radiation, the more sample the more beam traverses,
the more energy will be absorbed from it. Besides the amount of the sample, the
concentration of the sample is also deciding factor for the energy absorption. Based
on this, Beer-Lambert law, which is often written as:

I /lp=exp (-kcl) or I1/Ip=10%'=T 2.7
Where, k = constant, for particular spectroscopic transition under consideration.

Where T = transmittance = 1 / Iy , € = molar absorption coefficient.

Inverting above equation and taking logarithms,
lo/1=10% 2.8
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log(lp/I)=¢ecl=A, 2.9

Where A = absorbance / optical density

Thus, absorbance is directly proportional to the concentration, where the path
length and molar extinction coefficient is suppose to be constant for the particular
measurement. The source used for the UV and visible light are deuterium and

tungsten lamps respectively and the detector used is usually PMT.

2.11.8 Mdssbauer Spectroscopy

Mdossbauer spectroscopy is a versatile technique that can provide information
about the chemical, structural and magnetic properties of a material. ! The key to
this technique is the discovery of recoilless y-ray emission and absorption, referred to
as the “Mdossbauer Effect”. Certain nuclei embedded in a solid matrix can emit or
absorb y-rays with no recoil, giving rise to resonant nuclear y-ray absorption. Nuclei
in atoms undergo a variety of energy level transitions, often associated with the
emission or absorption of y-rays. These energy levels are influenced by their
surrounding environment, both electronic and magnetic, which can change or split
these energy levels (Figure 2.11). These changes in energy levels can be probed using
Maossbauer spectroscopy as the sensitivity of this technique is 1 eV in 10 eV.

When the source and absorber atoms are in different local environments, their
nuclear energy levels are different (Figure 2.11). At its simplest (blue), this appears in
the transmission spectrum as a shift of the minimum away from zero velocity; termed
as isomer shift (IS or 6). The 1/2 and 3/2 labels represent the nuclear spin, or intrinsic
angular moment, quantum numbers, ‘I’. Interaction of the nuclear quadrupole moment
with the electric field gradient leads to splitting of the nuclear energy levels (red). For
*"Fe, this causes individual peaks in the transmission spectrum to split into doublets
(red) having a quadrupole splitting (QS or A). When a magnetic field is present at the
nucleus, Zeeman splitting takes place, yielding a sextet pattern (green) and the
internal magnetic field By ; in the simplest case, the areas of the lines vary in the ratio
of 3:2:1:1:2:3.
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Therefore Mdssbauer spectra are described using three parameters: isomer
shift (6), which arises from the difference in s electron density between the source and
the absorber, quadrupole splitting (A which is a shift in nuclear energy levels that is
induced by an electric field gradient caused by nearby electrons, and hyperfine
splitting (for magnetic materials only). Graphically, quadrupole splitting is the
separation between the two component peaks of a doublet, and isomer shift is the
difference between the midpoint of the doublet and zero on the velocity scale (Figure
2.11). So, these changes in the energy levels can provide information about the atom's
local environment within a system. Mdssbauer spectroscopy can only be applied to a
relatively small group of atoms °’Fe is by far the most common element studied using
the technique. The experiment was performed in transmission mode with a °’Co(Rh)
source in a Wissel spectrometer. The solid sample is exposed to the beam of y
radiation, and a detector measures the intensity of the beam that is transmitted through
the sample. The y-ray energy is varied by accelerating the gamma-ray source through
a range of velocities with a linear motor. The relative motion between the source and
sample results in an energy shift due to the Doppler effect (change in the apparent

frequency of a wave as observer and source move toward or away from each other).
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Figure 2.11: Schematics of Mossbauer spectrometer and nuclear energy level

splitting
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In the resulting spectra, gamma-ray intensity is plotted as a function of the
source velocity. The source velocity is calibrated by means of a reference sample,
metallic iron (Brs = 33T). At velocities corresponding to the resonant energy levels of
the sample, some of the gamma-rays are absorbed, resulting in a drop in the measured
intensity and a corresponding dip in the spectrum. The number, positions, and
intensities of the peaks provide information about the chemical environment of the
absorbing nuclei and can be used to characterize the sample. The spectra as then
computer-fitted assuming a Lorentzian line shape and isomer shifts are given relative
to metallic iron. Mdssbauer parameters are temperature-sensitive, and this
characteristic is exploited by using lower temperatures to improve peak resolution and

induce interesting magnetic phenomena.

2.11.9X-Ray Photoelectron Spectroscopy

X-ray photoelectron Spectroscopy (XPS) probes the binding energies of core
electrons in an atom. Although such electrons play little part in chemical bonding,
different chemical environments can induce small changes in their binding energies;
this is because the formation of bonds changes the distribution of electrons in the
system and hence by modifying the nuclear shielding, produces changes in the
effective nuclear charge of the bound atoms 4. XPS is also rarely called as electron
spectroscopy for chemical analysis (ESCA). Since only the photoelectrons from the
atoms near the surface escape the information obtained is typically from the surface
layer of 2-5 nm with a typical sampling area of 1 cm?. The actual depth varies with
the materials and electron energy. This technique mainly gives information about the
elemental composition of the surface of the materials and the information about the
chemical state of elements. Usually Al and Mg source is used for producing X-rays to

excite photoelectrons from the core levels of atoms in a specimen.

Figure 2.11 shows the schematic for principle of photo-electron spectroscopy
as well as Schematic of XPS instrument. When an atom or molecule is subjected to
higher energy radiations, photons in the radiations colloid with and eject electrons
from atoms, leaving behind ions. Ejected electrons depart with different velocities and

photoelectron spectroscopy measures the velocity distribution of the released
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electrons. Each electron is held in place by nucleus with a characteristic binding
energy.

The energy of the photon is imparted to the electron and, if this energy is
greater than the B.E., the electron will leave the atom and carry with it an excess
energy — thus it will have certain K.E. (and velocity). Clearly the total energy must
conserve:

hv = binding energy + Work Function + kinetic energy

Binding Energy = hv — Kinetic Energy

Since the excitation energy is known and the Kinetic energy is measured, the
binding energies of electrons in the atom under examination can be determined. Main
components of XPS are (i) X-ray source, (ii) Sample holder, (iii) electron energy
analyzer. The (ii) and (iii) component must be in UHV. The X-ray source is a simple
X-ray tube with double anodes (typically Al and Mg) incident radiation energy can be
switched from one to the other. In both, XPS, the kinetic energy of the ejected

electrons is measured using a hemispherical analyzer.

hv

Figure 2.12: (A) Principle of Photo-electron spectroscopy, (B) Schematic of XPS 24
Monochromatic X-ray or UV radiation falls on the sample and ejected electrons

pass between a pair of electrically charged hemispherical plates which act as an

energy filter, allowing electrons of only a particular kinetic energy to pass through —
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the pass energy, Epass. The resulting electron current, measured by an electron
multiplier, indicates the number of electrons ejected from the surface with that kinetic
energy. Epass can be systematically varied by changing the retarding voltage (VR)
applied to the analyzer. XPS measurements of different samples were carried out on a
VG MicroTech ESCA 3000 instrument at Center for Materials Characterizations
(CMC), National Chemical Laboratory, Pune. The core level binding energies (BE)

were corrected with the carbon binding energy of 285 eV.

2.11.10 BET Surface Area Measurement

The specific surface area of a material is measured by BET surface area
analyzer. In this technique, gas molecules are made to physically adsorb on the solid
surface of the specimen.”® In 1938, Stephen Brunauer, Paul Hugh Emmett, and
Edward Teller published an article about the BET theory. The word “BET” consists of
the first initials of their family names. The concept of the theory is an extension of the
Langmuir theory, which is a theory for monolayer molecular adsorption, to multilayer
adsorption with the following hypotheses: (a) gas molecules physically adsorb on a
solid in layers infinitely; (b) there is no interaction between each adsorption layer; and
(c) the Langmuir theory can be applied to each layer.

The resulting BET equation is expressed by the following equation

+— 2.10

Where P and Py are the equilibrium and the saturation pressure of adsorbates
at the temperature of adsorption, v is the adsorbed gas quantity (for example, in
volume units), vm is the monolayer adsorbed gas quantity and c is the BET constant,
which is expressed by following equation.

c = exp (%) 2.11

E1 is the heat of adsorption for the first layer, and E_ is that for the second and
higher layers and is equal to the heat of liquefaction. Equation (2.10) is an adsorption
isotherm and can be plotted as a straight line with 1 / v[(Po / P) — 1] on the y-axis and

¢ = P / Py on the x-axis according to experimental results. This plot is called a BET
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plot. The linear relationship of this equation is maintained only in the range of 0.05 <
P/ Py < 0.35. The value of the slope (A) and the y-intercept (I) of the line are used to
calculate the monolayer adsorbed gas quantity vm and the BET constant c¢. The

following equations can be used.

1

Um = m 2.12

c=1+§ 213

Total surface area Stotal and a specific surface area (S) are evaluated by the
following equations, where vm is in units of volume which are also the units of the
molar volume of the adsorbate gas, N is Avogadro's number, s is adsorption cross
section of the adsorbing species, V is molar volume of adsorbate gas and a is mass of
adsorbent (in g)

__ vyNs

SBET total = > 214
— Stotal

SBET total = . 2.15

BET surface area measurements of different samples were carried out on a
Quadrasorb-SI instrument at National Chemical Laboratory, Pune. This is a state-of-
the-art, high-performance Surface Area Analyzer and Pore Size Analyzer with four

independent analysis stations.

2.11.11 Superconducting Quantum Interferometery Device (SQUID)

SQUID is an extremely sensitive tool used to measure magnetic moment of
the order of 10° emu. 27, Such an immensly high sensitivity of the SQUID devices
is associated with measuring changes in magnetic field related with one flux quantum.
SQUID consists of two superconductors separated by thin insulating layers to form
two parallel Josephson junctions. One of the discoveries associated with Josephson

junctions was that flux is quantized in units.

Mandakini Biswal 78 University of Pune



Ph.D. Thesis | Chemistry Chapter 2 | Aug 2013

1 Sample mount

Magnet Cryostat

1 Superconducting magnet (0-7 Tesla)

Sample

o Superconducting wire detection coils

SQUID shielding

SQUID: superconducting ring with

Josephson junctions
= e PASOR

Figure 2.12: An illustration of SQUID Magnetometer

Figure 2.12 shows the schematic diagram or illustration of SQUID
Magnetometer. In SQUID magnetometer the sample is placed in an applied magnetic
field of 0-11 Tesla produced by a superconducting magnet. The sample is moved
slowly though a set of detection coils coupled to the SQUID via superconducting
wires. The output voltage detected by the SQUID magnetometer is proportional to the
magnetic moment of the sample. The SQUID output voltage, when properly
calibrated using a sample of known magnetic moment, can be used to provide

accurate values for the magnetization of the sample.

In the present work magnetic property measurements of Magnetite-GO
composite using SQUID has been done on instrument Quantum Design MPMS
SQUID VSM at National Chemical Laboratory, Pune. The SQUID magnetometer has
certain advantages over the VSM, such as it provides better sensitivity (of the order of
10°® emu) in the magnetization measurement as compared to the VSM sensitivity (of

the order of 10® emu). This is because SQUID magnetometer involves
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superconducting Josephson junctions, which is very sensitive to any minute change in
magnetic flux/voltage. For the operation of these Josephson junctions, they are
maintained in liquid helium. Hence, at higher temperature (> 300K), the measurement
is difficult as liquid helium starts boiling off. However, in VSM pick up coils do not
require cooling for their operation. Therefore, VSM can be operated at higher

temperature also.

2.11.12 Electrochemical Measurements

Cyclic voltammetry or CV is a type of potentiodynamic electrochemical
measurement. In a cyclic voltammetry experiment the working electrode potential is
ramped linearly versus time as in case of linear sweep voltammetry, however when
cyclic voltammetry reaches a set potential, the working electrode's potential ramp is
inverted. Thus potential scans are taken for a particular potential window in cyclic
manner. The current at the working electrode is plotted versus the applied voltage to

give the cyclic voltammogram trace.

In this case the voltage is swept between two values at a fixed rate, however
now when the voltage reaches V2 the scan is reversed and the voltage is swept back to
V1. A typical cyclic voltammogram (Figure 2.13) recorded for a reversible single
electrode transfer reaction is shown in below. In cyclic voltammetry, the electrode
current versus applied potential is represented. The ramping is known as the
experiment's scan rate (\//s). The potential is applied between the reference electrode
and the working electrode and the current is measured between the working electrode
and the counter electrode. These data are then plotted as current (i) vs. potential (E).
As shown in Figure 2.13, the forward scan produces a current peak for any analytes
that can be reduced (or oxidized depending on the initial scan direction) through the
range of the potential scanned. The current will increase as the potential reaches the
reduction potential of the analyte, but then falls off as the concentration of the analyte
is depleted close to the electrode surface. If the redox couple is reversible then when
the applied potential is reversed, it will reach the potential that will reoxidize the
product formed in the first reduction reaction, and produce a current of reverse
polarity from the forward scan. This oxidation peak will usually have a similar shape

to the reduction peak. As a result, information about the redox potential and
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electrochemical reaction rates of the compounds is obtained. Cyclic Voltammetry
provides a wide range of information about the electrode and electrode/electrolyte
interaction and the nature of the cyclic voltammogram depends upon the types of

measurements for desired applications.

In this thesis work we have used cyclic voltammetry measurements for
supercapacitor and battery applications. The charge (capacity) of each cycle is
measured and the capacitance Cs, in farad (F), is calculated by the following
equations. Both are plotted as a function of cycle number. This curve is called the
capacity curve. In practice, charge is commonly called capacity. If capacity falls by a
set value — 10 % or 20 % is usual and, the actual number of cycles indicates the cycle-
life of the capacitor. In general, commercial capacitors can be cycled for hundreds of
thousands of cycles.

current

‘ I

g
Vs voltage

Figure 2.13: A typical cyclic voltammogram (http://www.ceb.cam.ac.uk/pages/linear-

sweep-and-cyclic-voltametry-the-principles.html)

The slope of the curve (dv/dt) is constant and is defined by following equation.
C=Q/NorQ=CV

Therefore,
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d
Q/dt =Cs dv/dt

dt
/dv
m

and [ = Cs dv/dt hence, Cs = 21 2.16

Where, V is the cell potential in volts (V), | is the cell current in amperes (A),
and Q is the charge in coulombs (C) or ampere-seconds (As). The factor 2 comes in
the last equation to account for 2 electrode system. The capacitance (C) should be

divided by the mass loading of carbon in order to get specific capacitance.
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Chapter-3

From Dead Leaves to High Energy Density Supercapacitor

Knthis work, functional microporous conducting carbon with high surface arem

about 1230 m?g™ is synthesized by a single step pyrolysis of plant dead leaves (dry

waste, ground powder) without any activation and studied for supercapacitor

application. Although the detailed study performed and presented here is on dead
Neem leaves (Azadirachta indica), the synthesis method is generic and applicable to
most forms of dead leaves. Indeed we have examined the case of dead Ashoka leaves
as well. The comparison between the Neem and Ashoka leaves brings out the
importance of the constitution and composition of the bio-source in the structural and
electronic properties of carbon. We have also studied the cases of pyrolysis of green

leaves and un-ground dead leaves against the ground dead leaves powder. The

concurrent high conductivity and microporosity realized in the case of ground dead
wes powder materials are key to the high energy supercapacitor proformance. /
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3.1 Introduction

Waste management is one of the most prevalent problems of big cities.
Fortunately, through several environmental awareness programs communities have
begun to separate dry and wet waste matter. Most such waste is a rich source of
carbon but may contain other elements in different proportions depending on the
source. In most of the municipal waste management centers, the waste from natural
sources is directly burnt off. This produces ash and hazardous gaseous pollutents.
There have been some initiatives to employ the ash in certain applications in the form
of passive fillers. But other than this there has not been much effort on reusing or
converting the natural waste to a significant application. With extensive ongoing
research work around carbon-based opto/electronic/energy applications, if the natural
waste and some of the man-made waste is harnessed towards electronically active
functional forms of carbon, one could get a value-added product for diverse and

growing carbon-based applications.

Carbon is the most naturally occurring abundant material exhibiting variety of
molecular and structural forms such as graphite, diamond, nanotubes, graphene,
fullerene, nano-diamonds, amorphous carbon, porous carbon etc. with various
applications.:® Amongst these porous carbon and graphene have high surface area,
chemical inertness, and synthetically tunable electrical, thermal and optical properties.
These versetile properties of specific carbon based materials make them efficient to
be used in supercapacitors, batteries,""® and as superabsorbents for gases and toxins.
[9]

Supercapacitors have been attracting significant research interest lately due to
their wide range of applications in electrical vehicles, digital devices, pulsing
techniques etc. due to their high durability, high power density and fast charging-
discharging mechanism. (21 Mostly activated carbon materials having high surface
area (2000-3000 m?g™) are used as electrode materials in supercapacitor applications
with specific capacitance around 250-350 Fg™.*?Y Clearly efforts aimed at
enhancing these properties by suitably engineering of the synthesis of functional

carbon while concurrently reducing costs is a desirable research endeavour.
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Scientists have tried several interesting synthetic routes to obtain high quality
carbon. These include carbonization of organic/polymeric precursors, ?224 chemical
vapour deposition, ?°* excimer laser ablation of graphitic targets, 24 sputtering /
plasma based synthesis, *>3® arc discharge synthesis, 2"® chemical methods etc. 1**-
“I More recently researchers have started utilizing organic waste materials for the
synthesis of carbon for specific absorbant or charge storage applications. ' 4! Waste
materials such as food, agricultural wastes, and even insects have already been
utilized as a bio-source of carbon in graphene synthesis.[***8l Activated carbon has
also been synthesized by pyrolyzing waste material with some chemical or physical
additives as agents for activation. The purpose of such activation is to enhance the
surface area and introduce porosity to make the materials functionally more effective.
Physical activation mainly includes activation with steam, CO, etc. and chemical
activation involves uses of chemicals such as NaOH, KOH, CaO, Ca(OH),, K,COs,

etc. which are known as porogens. (13214953

In this work we demonstrate synthesis of high surface area microporous
conducting carbon material by one strep pyrolysis of plant dead leaves (abundant
waste material) without any chemical or physical activation and have examined its
properties for supercapacitor application.’ Although the detailed study performed
and reported here is on dead Neem leaves (Azadirachta indica), the process is clearly
generic and applicable to most forms of dead leaves. Indeed we have examined the
case of dead Ashoka leaves as well. The comparison between the Neem and Ashoka
leaves brings out the importance of the constitution and composition of the bio-source
in the nature of carbon formed and its properties. We have also examined and
compared the cases of pyrolysis of green leaves as well as un-ground dead leaves with
that of ground dead leaves powder in full details. To the best of our knowledge there
is only one report by Beguin et.al. in the literature wherein they have demonstrated
synthesis of high surface area carbon from waste sea-weeds without any activation.>
Using the functional carbon derived from dead plant leaves (CDDPL) as a charge
storage material in a supercapacitor, we have achieved very promising results: a high
specific capacitance (400 Fg™) and very high energy density 55 Wh kg™ at a current

density of 0.5 Ag™. The areal capacitance value of the carbon derived from dead
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(Neem) plant leaves (CDDPL) is also significantly high (32 uF cm™). Moreover, in an
organic electrolyte the material shows a specific capacitance of 88 Fg™ at a current
density of 2 Ag™. These performance features can be attributed to the high specific
surface area associated with the narrow micropore distribution as well as high
electrical conductivity of the CDDPL material. This performance is clearly superior to
that of most commercially available and synthetically obtained activated carbon

forms that have been used in ultracapacitor charge storage networks.

Despite their high power density capability supercapacitors always struggle
with the limitaion of low energy denisty. To solve this problem hybrid capacitor
designs - two different electrodes- have strated to become more popular. Such hybrid
capacitors have also been classified into three categories, namely the composite type,
assymetric type and battery type. Detail description of these types has been provided
in chapter 1. In our work apart from EDLC type supercapacitor we have also used the
dead leaves derived carbon as electrode material in battery type hybrid capacitor
configuration. In Li ion hybrid electrochemical capacitor configuration with LisTisO1,
capacity of ~32 mAhgand a specific capacitance of 72 Fg™ is obtained with the leaf
derived carbon. This is comparable with the results obtained from the commercial
activated carbon electrode materials. The details pertaining to these studies are

presented and discussed in this chapter.

3.2 Experimental
3.2.1 Materials

Neem (Azadirachta indica) dead leaves were collected from National
chemical laboratory campus (please see the photo in Figure 3.1). N-Methyl-2-
pyrrolidone  (NMP) was used from Rankem chemicals and PVP
(Polyvinylpyrrolidone) was obtained from Aldrich Chemicals. Ashoka (Saraca asoca)

leaves were also obtained locally.

3.2.2 Synthesis of functional carbon
The dead Neem leaves were collected in large quantity, thoroughly washed,

cleaned and dried at 60°C in an oven. These dried leaves were crushed to get fine
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powder which was stored in a completely dry atmosphere. For the synthesis of
functional carbon 10g Neem leaf powder was heated in an alumina crucible at 600°C,
800°C or 1000°C for 5 hrs in different experiments in argon atmosphere at a heating
rate of 10°C per min in a split tube furnace. Figure 3.1 shows the process pathway
used for the synthesis of carbon from dead leaf powder and subsequent supercapacitor

measurements.

: i Neem dead
Z : leaves
Neem Tree
1000°C,
100C/min
5Hrs, Ar
Carbon after high
temperature pyrolysis Crushed powder

Figure 3.1: Schematic diagram for the synthesis of functional carbon from dead

leaves and the supercapacitor based thereupon.

For the sake of comparison pyrolysis of dead leaves from another plant source
namely Ashoka (Saraca asoca) was also performed at 1000°C for 5 hrs and the
corresponding material was studied. In all cases the light green coloured Neem leaf
powder was changed to black coloured carbon after heating. This carbon was then
thoroughly washed and ground in a mortar pestle to get fine powders. This carbon
was characterized by several techniques. The process discussed in this work is easily
scalable to large amount for the synthesis of functional mesoporous conducting
carbon. We also examined and compared the cases of pyrolysis of green leaves as
well as un-ground dead leaves with that of ground dead leaves powder.
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3.2.3 Electrochemical Measurements in 1M H,SO4

All the electrodes were prepared on glassy carbon. Two glassy carbon
substrates having similar area were used for each measurement. The carbon material
was loaded on the substrate following standard procedure protocol used for
supercapacitor measurements. Thus, 80 wt % Neem leaf derived carbon (CDDPL)
was mixed with 15 wt % conducting carbon (acetylene black) and 5wt% PVP binder.
To the above mixture 2-3 drops of NMP (N-Methyl-2-pyrrolidone) were added and
ground thoroughly to make viscous slurry. Then this slurry was coated on the glassy
carbon substrate with 1 mg loading in 1 cm? area. After making the electrodes they
were dried in vacuum for 24 hrs at 60°C for the measurements. Electrochemical cyclic
voltametry studies were performed in 1M H,SO, solution between potential range 0-

1V at various sweep rates.

3.2.4 Electrochemical Measurements with 1M LiPFg in EC: DEC

All the electrochemical measurements were conducted in two electrode coin-
cell (CR2016) assembly. For the coin cell assembly, electrodes were made of 4 mg of
leaf derived carbon, 2 mg of super-p (conducting carbon) and 1 mg of binder TAB-2.
Supercapacitors were assembled with two symmetric carbon electrodes and separated
by Whatman paper and filled with 1 M LiPFs in EC:DEC (by 1:1 wt.%, DAN VEC)
electrolyte solution. Cyclic voltammetric (CV) studies were carried out using
Solartron, 1470E and Sl 1255B Impedance/gain-phase analyzer coupled with a

potentiostat.

3.2.5 Electrochemical Impedance Spectroscopy Measurements

Electrochemical Impedance Spectroscopy measurements (EIS, Autolab
PGSTAT 30 (Eco-Chemie)) were performed for symmetrical supercapacitor cell
consisting of the dead Neem leaf derived carbon electrodes in both 1M H,SO,
(aqueous) and 1M LiPFg in EC: DEC (organic) electrolytes. The frequency range used
for the study was from 10 kHz to 10 mHz in the presence of AC amplitude of 10 mV
with no external DC applied voltage.
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3.2.6 Electrochemical measurements for battery type hybrid supercapacitor

All the electrochemical measurements were carried out by the standard two
electrodes CR 2016 coin cell assembly. The composite test electrodes were
formulated with 80% active material, 10% of conducting carbon (Super-P), 10% of
binder (teflonized acetylene black, TAB-2) with ethanol as a solvent and pressed over
200 mm? stainless steel mesh (Goodfellow, UK). For the single electrode performance
(half-cells), insertion type 100 material LisTisO1,, Neem leaf derived carbon and
commercial AC were used as working electrode materials and metallic lithium served
as both the counter and reference electrode. Micro-porous fibrous paper (Whatman,
Cat. No. 1825-047, UK) was used as a separator and filled with 1M LiPFg in ethylene
carbonate (EC) / dimethyl carbonate (DMC) (1:1 wt %, Selectipur LP 30, Merck
KGaA, Germany) as electrolyte solution for both the half-cell and Li-Hybrid
electrochemical capacitor assembly.

3.2.7 Characterization

The functional carbon products synthesized from dead leaves by the different
protocols stated above were examined by X-ray powder diffraction using Philips
X’Pert PRO diffractometer with nickel-filtered Cu Ka radiation, Raman spectroscopy
using LabRAM HR800 from JY Horiba and high-resolution transmission electron
microscopy (IFEI, Tecnai F30, FEG with 300 kV). The surface area values of all the
samples were determined by Brunauer Emmett Teller (BET) adsorption method
(Quadrasorb automatic volumetric instrument). Cyclic Voltametry measurements
were performed by Auto Lab (model PGSTAT 30 ,eco-chemie).

3.3 Results & Discussions

Analysis of the composition of fresh Neem leaves (Table 3.1), reveals a
59.4% moisture content. In dry leaves the moisture content is far less and hence the
primary constituents of dead Neem leaves are carbohydrates, fibers and protein.
Carbohydrate has been established as an important source of functional carbon. 58!
The fiber, which is mainly composed of cellulose, lignin and hemicelluloses, also

contributes to carbon source. Besides these organic components, Neem leaves also
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contain Ca and Mg in minute amounts. Interestingly Ca and Mg salts have already
been independantly used as porogens to create pores in the synthesis of activated
carbon. Thus the natural presence of these minerals in dead Neem leaves should help
create pores in the synthesized carbon without activation, as discussed later.Figure
3.2a shows XRD pattern of the carbon synthesized from Neem dead leaves at 1000°C.
The two broad peaks around 20~ 23.3° and 43.8° represent graphitic carbon, albeit
with some disorder. The specific nature can be further elucidated by Raman
spectroscopy. Figure 3.2b shows the Raman spectra for the same carbon material.
The peaks present around 1320 cm™ and 1590 cm™ correspond to the characteristic D
and G bands of carbon, respectively. The D (defect) band (1320 cm™) is due to the
breathing mode of k-point phonons of A;q symmetry and the G (graphitic) band (1580
cm™) is assigned to the Eq phonon of sp? carbon atoms.®**” The high Ip: I ratio

(1.15) indicates presence of disorder in the carbon matrix. [*!

Moisture 59.4%
Proteins 7.1%
Fat 1.0%
Fibre 6.2%
Carbohydrates 22.9%
Minerals 3.4%
Vitamin C 218 mg/100g
Glutamic acid 73.30 mg/100g

Table 3.1: Chemical composition of fresh Neem leaves

The HRTEM image in Figure 3.2c shows a highly porous network
morphology which is revealed to be in the form of faceted nanometric pores in Figure
3. 2d. The pore size of just 2 nm or less is reflected in Figure 3.2e. The onion-like n-
layer graphitic character (measured d-spacing equal to 0.34 nm) is brought out in
Figure 3.2f. This renders good conductivity.
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Figure 3.2: (a) XRD Spectra, (b) Raman Spectra, (c-f) HR-TEM images, of the
carbon derived from dead plant leaves (CDDPL)

Figure 3. 3a depicts the pore size distribution (PSD) for Neem leaf derived
carbon (CDDPL material) as obtained by N, adsorption which shows a bimodal
distribution of micropores and mesopores. Since nitrogen is known to undergo
condensation process in micropores, ° to obtain a more reliable pore size
distribution (PSD) we also performed the gas adsorption-desorption experiments with
CO; at 273K. The PSD thus obtained is plotted in Figure 3.3b. This figure clearly
shows a bimodal distribution of 0.5 to 1 nm (5-10 A) micropores along with a small
proportion around 2 nm (20 A) mesoprores. The inset of Figure 3.3a shows BET
nitrogen adsorption-desorption isotherm at 77K of the CDDPL material, while the
inset of Figure 3.3b shows the isotherm for CO, adsorption case. The isotherm of
Figure 3.3a corresponds to a hysteresis loop that is characteristic of a type IV
isotherm. This hysteresis loop indicates capillary condensation which arises due to a
different mechanisms of adsorption and desorption in micropores. The loop described
above can be further categorized as H4 type (associated with narrow pore size
distribution). Low pressure hysteresis is observed in the isotherm plot which is also
due to presence of micropores in the system. The specific surface area measured in
accordance with the standard BET method is 1230 m?g™.
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Figure 3.3: (a) Pore size distribution in N, for Neem leaf derived carbon, inset is the
adsorption desorption isotherm for N, ; (b) Pore size distribution in CO, for Neem
leaf derived carbon , inset is the adsorption-desorption isotherm for CO,
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Figure 3.4: (a & b) Pore size distribution and N adsorption isotherms of carbon
pyrolized at different temperature (600°C, 800°C and 1000°C)

The surface area value thus realized without any activation or pre/post
treatment is quite high as compared to other cases of synthetic carbon obtained by
using activating agents such as KOH, K,COj etc. which specifically introduce pores
for the enhancement of surface area.The high surface area compounded with a
bimodal size distribution comprising of micropores and mesopores is useful from the
standpoint of supercapacitor application. Micropores have high surface area to
volume ratio and when present in significant amount play important role in the
adsorption-desorption processes via diffusion. Mesopores contribute to the large

surface but also provide high adsorbate accessibility by providing wider transport
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Figure 3.5: Resistivity of carbon materials synthesized at 600°C, 800°C and 1000°C;

inset is the schematic diagram of conductivity measurements under pressure.

For comparison we also examined the surface area and pore distribution for
the carbon pyrolized at other tempeartures such as 600°C and 800°C. The pore
distribution diagram and adsorption desorption isotherms for all the three cases
(600°C, 800°C and 1000°C) are provided in Figure 3.4a and b. In the case of the
sample pyrolized at 800°C the surface area is significantly lower, down to 229 m%g?,
whereas in case of the sample pyrolyzed at 600°C the surface area is even lower, only
49 m*g™. In the 600°C sample mostly micropores are observed, whereas in the 800°C

sample some mesopores appear but with a broad size distribution.

We also estimated the conductivity of carbon obtained by pyrolysis at 600°C,
800°C or 1000°C for 5h in flowing argon, because it is also an important parameter
for supercapacitor application. Since it is very difficult to make a mechanically strong
pellet out of porous carbon powder for conductivity measurements, all the
conductivity measurements were carried out under an applied fixed and measured
pressure (50 kg cm™). The schematic diagram of the measurement process is depicted
in the inset of Figure 3. 5, where the powder is placed in a die and a known pressure

is applied. The contact is
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Figure 3.6 :(a-c) aqueous measurements and (d-f) is non aqueous measurements :(a
& d) Cyclic Voltametry (CV) measurements of Neem leaf derived carbon at different
scan rates in 1M H,SO,4 (aqueous) and 1 M LiPFg in EC:DEC (organic) respectively ;
(b&e) Galvanostatic charge discharge curve of Neem leaf derived carbon at 2Ag™ in
aqueous and organic respectively; (c&f) CV curve of Neem leaf derived carbon and
Ashoka leaf derived carbon at 50 mvs™ scan rate in aqueous and organic electrolyte

respectively.

made from both the sides of the die, and the top and bottom parts of the die are
separated by a flexible insulator to avoid contact. Under the known pressure the
resistance is measured and the resistivity is calculated and shown in Figure 3. 5. From
the resistivity values it is observed that with increase in the maximum pyrolysis
temperature the resistivity decreases rapidly. The resistivity values of the samples
synthesized at 600°C, 800°C and 1000°C are found to be ~1.25 x10%Q cm, ~19 Q cm,
and ~ 1.7 Q cm, respectively. Clearly, the carbon synthesized at 1000°C is found to be

highly conducting in nature.

Electrochemical measurements were performed to evaluate the performance of
the material in the context of supercapacitor application in both aqueous and organic
electrolyte media. The corresponding results are summarized in Figure 3.6. We

observed that the electrochemical (supercapacitor) properties of the samples
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pyrolyzed at 600°C and 800°C are much inferior to those of the sample pyrolysed at
1000°C (Figure 3.7 and Table 3.2).
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Figure 3.7: (a & b) Cyclic Voltammetry and charge discharge curves for Neem leaf
derived carbon at 800°C; (c and d) Cyclic Voltammetry and charge discharge curves

for Neem leaf derived carbon at 600°C

Therefore, in the following discussion we focus on carbon obtained by
pyrolyzing dead levaes at 1000°C. As shown in Figure 3.6a, a nearly perfect
rectangular shaped loop is obtained for a sweep rate of 5, 10, 20, and 50mVs™ without
any redox peaks (oxidation or reduction). In the supercapacitor context such a
rectangular shape represents a perfect electrical double layer formation (reversible
adsorption and desorption of the ions) across the surface of the carbon, a testimony to
the high specific surface area microporous character of the material. From the data
shown in Figure 3.6a, it can be seen that the capacitive behaviour is maintained even
at a very high scan rate. This performance at high scan rate establishes the high power

capability of the microporous CDDPL material.
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Pyrolysis Specific Specific Energy Specific Power
Temperature Capacitance ) 1 ) 1
°C) (Fg™h Density WhKg Density WKg

05Ag" 1Ag" 2Ag’ 05Ag" 1Ag: 2AgT

600 70 10 4 2.5 151 163 257
800 180 25 17 11 523 785 1191
1000 400 55 42 40 569 1191 2526

Table 3.2: Comparison of Specific capacitance, Energy density and power density of
all the three carbon materials synthesized at 600°C, 800°C and 1000°C

For quantitative considerations, the specific capacitance is calculated from the

galvanostatic charge discharge values by using the following equation 3.1:

Cs = —& 3.1

Where Cs is the specific capacitance (Fg™), I is current, m is the active mass and
(dv/dt) is the slope obtained from the discharge curve. The typical charge-discharge
plots at 2Ag™ current densities are shown in Figure 3.6 b. The specific capacitance
values are calculated at different current densities ranging from 0.5 Ag™ to 10 Ag™,
and are given in Figure 3.8. The highest specific capacitance value 400 Fg™ is
obtained at a current density of 0.5 Ag™. As the current density increases the specific
capacitance value decreases which is related to the limited diffusion of the active ions
on the electrode surface because of fast charging. At high current density all the
micropores are not accesible to the electrolyte , hence the relative capacitance is less

as compared to the capacitance at low current density.
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Figure 3.8: Plot of specific capacitance with different current densities which shows
even at very high current density (10 Ag™) the specific capacitance is still high as 290
Fg™.

The areal capacitance of the CDDPL obtained at 1000°C has also been
determined. Areal capacitance is very important in supercapacitor applications for
small electronic devices. %! Generally a low mass loading of active materials is
used in supercapacitors for obtaining very high gravimetric capacitance. However as a
consequence their areal capacitance values are suppressed (5-12 uFcm?). 66701
Interestingly though, the CDDPL material obtained in our study shows a significantly
high value of areal capacitance (32 pFcm™) as compared to other waste carbon based
materials used for energy storage. For comparison purposes and to see the generic
nature of the carbon forming process involving dead leaves, we also tested another
dead-leaf source, namely Ashoka Leaves. Similar protocols were followed for the

carbon synthesis.

The cyclic voltametry measurements for Ashoka leaf-derived carbon are
shown in Figure 3.6 c. They also show a perfect rectangular shape sugesting that a
double layer is being formed. From the galvanostatic charge discharge mesaurements
(Figure 3.9) the specific capacitance comes out to be 250Fg™ at a current density of

0.5Ag™. This is also quite good, although inferior to that of Neem leaf derived carbon.
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Figure 3.9: Charge Discharge curve of Ashoka leaf derived carbon at 1Ag™ and
0.5Ag™" with 1M H,SO,

To compare the performane of both types of leaves we studied the
morphology/constitution and composition of green leaf, dead leaf and dried leaf
powder (obtained by grinding). Figure 3.10 shows that in the case of Neem leaf the
morphology changes slightly from that of green leaf (Figure 3.10 a) to dry leaf
(Figure 3.10 b), but it changes drasticaly from dry-leaf to dry-leaf powder (Figure
3.10 ¢), the latter obtained by grinding of the dry leaves. Even in the capacitance
performance, the green leaf derived carbon (195Fg™) and and the dry leaf derived
carbon without grinding (373Fg™,) showed less specific capacitance than the ground
dry leaf powder (401Fg™) which can be attributed to the lack of proper porosity.

The Cyclic Voltamtery curves of green leaf derived carbon and dry leaf
derived carbon without grinding at a scan rate of 20mvs™ are shown in Figure 3.11a
and b, respectively. From Figure 3.10c it is clearly seen that there are large porous
structurespresent which is due to the loss of some mater during the process of
grinding. As the powder itself is porous, one can expect that after pyrolysis also it
may generate a porous carbon matrix. As seen from SEM micrograph, these porous
structures are absent in the case of Ashoka green leaf (Figure 3.10d), dry leaf (Figure
3.10e) and dry leaf powder (Figure 3.10f).
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Figure 3.10 : SEM Images of (a)Neem Green Leaf (b)Neem Dry Leaf (c) Dry Neem
leaf powder (d) Ashoka Green Leaf (e) Ashoka Dry Leaf (f) Dry Ashoka Leaf Powder
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Figure 3.11 :a) CV curve for the carbon synthesized from fresh green leaves at a scan
rate of 20 mvs™; b) CV curve of Neem dry leaf without grinding at 20 mvs™ in 1M
H,SO, at a scan rate of 20 mvs™

These constitutional difference affect the surface area and porosity of carbon
derived from these leaves. The elemental maping of Neem and Ashoka dry leaf is
presented in Figure 3.12 a and b which show that in the case of Neem dry leaf the

Ca (pink) content is comparatively much higher and well distrubuted than in the case
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of Ashoka dry leaf. These results were also confirmed with the EDAX analysis shown
in Table 3.3.

From the EDAX results, the Ca to C ratio for Neem leaves is clearly seen to be
much higher in comparison to Ashoka leaves.The Ca content increases from green
leaf to dry leaf and finally to dry leaf powder due to loss of some organic mater
because of mechanical heat genearted from the grinding process. Apart from Ca there
is also a small percentage of Mg present.The stated Ca content is very useful in our

case as Ca is known to be a good porogen.

Figure 3.12: Elemental mapping of (a) Neem Leaf (b) Ashoka Dry leaf. Red- C,
Green- O, Pink- Ca, Blue- Mg, Yellow- Al

There are many reports wherein researchers have mixed Ca salts in the
samples for the creation of pores and to increse in the surface area.l “®** In case of
leaf these minerals are well dsitributed in the leaf matrix as shown in the elemental
maping which helps in natural creation of pores, enhancing the surface area. As the
Ca content is high in the case of Neem leaf, there are more well defined pores and
larger surface area (1230m°g™) in the corresponding carbon as compared to the

Ashoka leaf derived carbon, which has a surface area of 705m?g™ Figure 3.13.
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Element Neem Neem Dry NeemDry  Ashoka Ashoka Ashoka

(Wt%) Green Leaf Powder Green Dry Leaf Dry
Leaf Leaf Powder
C 78.06 72.47 71.51 75.48 74.18 72.87
0] 15.26 17.92 13.53 19.80 21.99 22.09
Ca 5.89 6.94 11.32 1.85 1.98 2.21
Mg 0.10 0.21 1.30 0.18 0.16 0.21
Ca/C Ratio 0.075 0.095 0.16 0.024 0.026 0.030

Table 3.3: EDAX analysis of Neem and Ashoka leaf derived carbon
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Figure 3.13: BET surface area measurements of Ashoka leaf derived carbon.

Table 3.4 compares different carbon materials synthesized from natural waste
and their performance in supercapacitors. This table clearly shows that the carbon
derived in our case without any activation or special treatment shows an excellent
performance than other waste material derived carbon (Bamboo, waste coffee beans,
sugarcane baggase etc.). The very high performance can be attributed to the the
availability and wettability of the micropores whose dimensions are comparable to the
dimensions of the solvated ions (cations or anions). To obtain a high performance
supercapacitor it is important to understand the effect of surface area and pore size.
Generally capacitance value increases with an increase in the BET surface area; but in
some cases limitation in capacitance value is encountered even when the surface area
is very high (more then 2000 m%g™*). (321
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Materials  Activating BET Maximum Measurements  Electrolyte Ref.
agent Surface  Capacitance Done at No.
Area (Fg™h
(m’g™)
Rice NaOH 1886 210 0.2mAg™ 3M KCI 15
husk
Firwood H,O 1131 140 25mVs*t 0.5M 18
H,SO,
Pistachio KOH 1096 120 10mVs™ 0.5M 19
Shell H2804
Firwood KOH 1064 180 10mVs* 0.5M 19
H,S0,
Bamboo KOH 1251 260 1mAcm™ 30wWt% 20
H,SO,
Banana ZnCl, 1097 74 500mAg'1 1M Na,SO, 17
Fibers
Corn KOH 3199 257 1mAg* 6M KOH 44
Grains
Waste ZnCl, 1019 368 50mAg™ 1M H,SO, 46
coffee
beans
Waste KOH 416 180 1mAcm™ 6M KOH 16
News
Paper
Seaweeds No 746 264 200mAg™ 1M H,SO, 55
activation
Sugar- ZnCl, 1788 300 250mAg™ 1M H,SO0, 45
cane
bagasse
Cassava KOH 1352 264 - 0.5M 47
peel HzSO4
waste
Sunflowe  KOH 2509 311 250mAg™ 30wWt% 48
r seed KOH
shell
Argan KOH/mel 2062 355 125mAg™ 1M H,SO, 14
seed shell amine
Neem No 1230 400 500mAg™ 1M H,SO,  Our
Dead activation work
Leaves

Table 3.4: Comparison of the properties of carbon materials synthesized from waste

and their use in supercapacitor

The pore size therefore plays a more important role in determining the charge
storage capacity. Thus by engineering the pores properly high capacitance value can
be achieved even at low surface area. Micropores less than 2 nm are critical for charge

storage, and it is also seen that the pore size g to 0.5 nm is suitable for aqueous (1M
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H,S0,) based electrochemical supercapacitor. " In H,SO, electrolyte, the sizes of
the Hydrated SO.*, (H,0):» (Hydration number calculated around 12.16) and H3O"
are around 5.33A and 4.2A, respectively.®"® Thus, the pore size in the CDDPL
exactly corresponds to that of hydrated ions. The solvent ions thus perfectly fit into
the available porous carbon network without wastage of free space. Such water-tight
accommodation of these ions in the porous carbon matrix results in a strong
confinement of these ions in the small carbon pores. A strong confinement would
consequently lead to a distorted solvated ionic shell causing a greater interaction
between the carbon network (electrode) and the trapped charged ions of the

electrolyte "2 which leads to increase in the value of the supercapacitance.

From the pore size distribution (Figure 3.3) it can be observed that, there are
also some pores of around 2nm diameter. These bigger pores must clearly help in the
transport of the ions from the surface to the bulk of the electrode so that the

micropores can be accessed properly.

The energy density and power density are calculated by the following equations:

2
S = Gs(Av)~ 3.2
2
_ SE
Sp == 3.3

Where Sg is the specific energy density, Sy is the specific power density, C; is the
specific capacitance of the active material (Fg™?), t is the discharging time and AV is

the potential window in 1M H,SO, for charging and discharging.

The specific energy, power density, specific capacitance and aerial
capacitance values for different current densities of our CDDPL material are
presented in Table 3.5. It can be clearly noted that at 0.5 Ag™ our carbon synthesized
at 1000°C shows very significant energy density value of 55 Wh Kg™. As the current
density increases energy density gets suppressed. This is because at very high current
density only some parts of the pores (surface mainly) are accessed by the electrolyte
leading to very fast discharge, whereas at low current density all the pores including

those near the surfaces and also in the bulk are accessed by the electrolyte and hence
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discharges are slow. In our case, even at a very high current density 10 Ag™ there is

only a limited drop in the value of energy density (30.63 KW kg™).

The comparative specific energy and power density table is shown in Table
3.6 where it can be clearly identified that the energy and power density of the carbon
derived from Neem dead leaves is higher than that for other carbon materials
synthesized from waste. Also it shows comparable energy and power density with

graphene and graphene/CNT based composites.

Current Density 0.5 1 2 3 5 10
(Ag?)
Specific 401 302 285 268 259 258
Capacitance (Fg™)
Areal Capacitance 32.0 24.5 23.17 21.7 21.05 21.0
( uFem®)
Power Density 569 1191 2526 3620 6480 11685
(WKg™)
Energy Density 55 42 40 37 36 35.8
(WhKg™)

Table 3.5: Calculated specific capacitance, areal capacitance, power densities and

energy densities of CDDPL material at different current densities

The Ragone plot of Figure 3.14 can be used for further analysis of the
performance of our material. Usually increase in the power density compromises the
energy density value.l #4771 Byt in our case the CDDPL shows no significant
decrease in the energy density. At current drain time of 10s the energy and power
density values are found to be 35 Wh Kg™ and 11685 W kg™, respectively, which are
significantly higher than other aqueous based charge storage reports.”””#* These high
values clearly demonstrate the stable performance of the carbon derived from dead
plant leaves which is the result of the beneficial effects of the large number of tiny

micropores present in the carbon matrix.
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Materials Medium Max energy Max Power Ref.
Density Density no.
Activated carbon from waste 1M 20 WhKg™ - 46
coffee beans H,SO,
Carbon from sea weeds 1M 19.5 WhKg™* - 55
H,SO,
Activated carbon from 1M 10 WhKg™ - 45
sugarcane bagasse H,SO,
Binder free RGO-CNT film 1M H,SO, 59.9 Wth'1 250 75
WKg*
Ultrathin graphene film 2M KClI 15.4 WhKg™* 55 76
WKg*
Graphene-CNT 0.5M H,SO,  21.74WhKg* 78.29 kWKg™ 77
Carbon derived from dead 1M H,SO, 55.5 WhKg™ 10 Our
leaves kWKg* Work

Table 3.6: Comparison of energy density and power density of various carbon

materials with dead leaf derived carbon

In case of aqueous medium the potential window is limited to about 1(V),
hence the achievable energy density is also limited. Hence supercapacitor
measurements in organic electrolyte are more important since the potential window
can be extended to 3(V).We therefore tested the performance of the dead leaf derived
carbon with an organic electrolyte 1M LiPFg in EC:DEC in a potential window of O-
3(V). Figure 3.6 d-f shows the CV and charge discharge data for both the Neem and
the Ashoka leaf derived carbon. Figure 3.6 d shows the CV curves of Neem leaf
derived carbon at various scan rates (2, 5, 10, 20, 50mvs™) in an organic electrolyte. It
can be clearly seen that the curves show rectangular nature in all the scan rates. The
specific capacitance of 88Fg™ is calculated from the charge discharge curve measured

at a current density of 2Ag™* which is shown in Figure 3.6 e.
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Figure 3.14: Ragone plot (plot of energy density vs power density)

Similar measurements were also done with Ashoka leaf derived carbon for the
same current density (Figure 3.15), which gave a specific capacitance value of 21Fg™
which is less as compared to Neem leaf carbon. This decrease in specific capacitance
is due to the decrease in the surface area and porosity in case of Ashoka leaf derived
carbon. The energy density for Neem leaf derived carbon in organic electrolyte is
calculated to be 56 WhKg™ at 2Ag™ from equation 2 which is higher (40%

enhancement) than that the case of aqueous electrolyte, which is 40WhKg™at 2Ag™
current density.

Voltage (V)

60 90 120 150 180 210
Time in Sec
Figure 3.15: Charge discharge data of Ashoka leaf derived carbon at 2Ag™ current
density in organic electrolyte.
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Figure 3.16 a shows the Nyquist plot for carbon in 1M H;SO, in the
frequency range from 10 kHz to 10 mHz. This figure clearly shows an almost vertical
straight line parallel to the imaginary axis (Z”) at low frequency region showing
nearly ideal capacitor behaviour. The data in the middle frequency region reflect the
consequences of certain key factors such as porosity, thickness of the electrode etc.
for the diffusion of the ions through the porous network of the electrode. %% These
introduce an initial semicircle character into the straight line behaviour at high
frequency range, which shifts the capacitor behaviour towards a lower frequency
value on the real axis. Hence, on the whole the impedance spectrum for a
supercapacitor can be divided into two parts consisting of low frequency and high
frequency regions. The transition point of these two regions is known as the ‘Knee

frequency’ below which the capacitance nature dominates.®"

The inset of Figure 3.16a shows the magnified high frequency region showing
the semicircle. The fitted equivalent circuit consists of an equivalent series resistance
(ESR) in series with a parallel combination of capacitor (Cg, double layer
capacitance) and resistor (R¢) in series with Warburg impedance element (W)
corresponding to the electrolyte ion diffusion into porous network of carbon electrode
material. The ESR shows the total contact resistance between the current collector-

electrode material and ohmic resistance of the electrode-electrolyte interface.

In our case (with 1M H,SO,4) ESR comes out to be 2.67 Q showing a good
conducting behaviour.® Further effort is needed to reduce it by optimizing the
device and contact properties. The Warburg impedance element has a small
contribution indicating good access for the electrolyte ions into porous carbon
material even at higher frequencies. The knee frequency in this case is 57 Hz below
which the capacitive behaviour dominates. This is in good agreement with the knee

frequency domain reported for the carbon based supercapacitors. #6471

Figure 3.16 b gives the Bode phase plot which indicates that in the low
frequency region the phase shift is ~ 90° (sharper slope) indicating primarily an
almost full double layer charge storage phenomenon and near absence of faradic
(redox) type charge storage phenomenon.®® A shallower slope accounts for more

faradic (redox) type charge storage phenomenon.
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Figure 3.16: (a) Nyquist plot for carbon electrode in 1M H,SO,, inset shows the
magnified higher frequency region;( b) Plot of Bode phase angle with frequency;(c)
Frequency dependant real and imaginary capacitance plot; (d) Plot of total

impedance vs frequency

The plots of frequency dependant real (C’) and imaginary (C”) components of
capacitance are shown in Figure 3.16 c. In the low frequency region the capacitance
(C’) remains constant at ~ 0.4 F which is the saturated capacitance at low frequency.
The capacitance value decreases sharply above 0.1 Hz and becomes constant above
10 Hz. At low frequency, electrolyte ions penetrate deep inside the pores of carbon
material accessing more electrode surface thereby contributing to the high capacitance
value. At higher frequencies electrolyte ions can only have access to the surface of
carbon materials whereas the deeper pores are not accessed giving rise to a sharp
decrease in the capacitance. The sharp peak in the graph of frequency dependant
imaginary component of capacitance (C”) shows a maximum capacitance (C”) at a
frequency fp which corresponds to relaxation time as to =1/fy which is ~1.2 s. This
relaxation time signifies the minimum time needed to discharge all the energy from

the device with an efficiency of >50%.5%9 This low relaxation time (~1.2 s) also
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indicates the maximum accessibility of the outer surface of Neem leaf derived carbon

material to the electrolyte ions.

Figure 3.16 d shows the plot of total impedance (Z) vs frequency (Hz) for
dead Neem leaf derived carbon. When the frequency is low during the potential
applied, the electrolyte ions try to penetrate deeper into the electrode from the orifice
to the bottom of the pores. Hence at low frequency the bottom of the pores will also
contribute to the resistive and capacitive elements leading to higher impedance as
shown in Figure 3.16 d. At high frequency the electrolyte ions are only able to
penetrate near the orifice of the pores hence resistive and capacitive elements near the
orifice alone can respond. The penetration depth increases with decease in the
frequency. A straight line in is obtained at low frequency region which is due to the
accumulation of ions at the bottom of the pores whereas in the middle frequency
region a straight line is obtained due to the semi- infinite ion migration (dipoles)
through various micropores. A horizontal line in the high frequency region signifies

the dominance of electronic transport over this regime. %

The Nyquist plot for supercapacitor with carbon electrode in 1M LiPFg in EC:
DEC is shown in Figure 3.17 a. The inset shows the magnified high frequency
region. The low frequency region is similar to the case of aqueous electrolyte which
shows purely capacitor behaviour. The major difference is however observed in the
high frequency region, as shown in Figure 3.17 b, wherein a shift of the semicircle is
seen towards higher value on the real axis, which is accounted for by the electrolyte
viscosity which resists the penetration of electrolyte into the micropores at higher
frequencies. The bigger semicircle also indicates the lower ionic conductivity of the
electrolyte which in turn affects the electrolyte-electrode interface resistance.®?
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Figure 3.17:a) Nyquist plot for Neem leaf derived carbon carbon electrode in 1M
LiPFs in EC: DEC (organic).inset shows magnified high frequency region; b)
Comparison of Nyquist plot for carbon carbon electrode in 1M H,SO, (aqueous) and
1M LiPFg in EC: DEC (organic) for Neem leaf derived carbon.

From electrochemical impedance spectroscopy measurements we can
conclude that the carbon electrodes show nearly ideal capacitive behaviour with low
ionic resistance inside the porous structure indicating the fast diffusion of electrolyte
ions into the porous network. The phase angle ~ 90° shows the dominant contribution
of double charge storage mechanism and nearly complete absence of any redox
reaction making the carbon derived from dead Neem leaves a suitable material for

supercapacitor application.

Along with EDLC type supercapacitor we have also studied the performance
of Neem leaf derived carbon as electrode in hybrid supercapacitor. Although, EDLC
delivers excellent power density, it has limitations of energy density beyond ~10 Wh
kg4 Hence, EDLC alone is incapable of powering hybrid electric vehicles and
electric vehicles.®® On the other hand, Li-ion batteries (LIB) provides high energy
density, but the desired power density is not sufficient to drive such vehicles. ®*%! |n
this context it is very difficult for individual system to offer the desired energy and
power density. The solution to this problem can be to integrate both EDLC and LIB in
a single system to achieve both high energy and power density. This configuration is
known as Li ion hybrid electrochemical capacitor. Generally this configuration

consists of Li-insertion type electrode (battery component) coupled with high surface
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area carbonaceous materials preferably activated carbon as counter electrode

(supercapacitor component) in Li-ion conducting non-aqueous electrolytes.

Among various Li insertion type materials such as pre-lithiated graphite,
LisTisO1 % % LiCrTio, B8 LiFeP0O,® etc, spinel phase LisTisO1, is found to
be appropriate materials due to its salient features such as no volume variation during
Li-insertion/extraction (Zero strain host), appreciable theoretical capacity (~175 mAh
g 1) with high reversibility, thermodynamically flat operating potential (~1.55 V vs.
Li), easy synthesize and eco-friendliness.l'®” Among the carbonaceous materials,
graphene, and porous carbons are found significant due to their high specific
capacitance with good cycleability in EDLC configuration, high surface area (~2000
m? g'), excellent electrical conductivity and good chemical and thermal
stabilities."™In this work we have used the Neem dead leaves derived carbon as

electrode material in Li ion hybrid configuration along with LisTisO».

The capacitive behaviour of the Neem leaf derived carbon tested above the
open circuit voltage (OCV) (vs. Li) is attributed to the reversible adsorption and
desorption behaviour of anions present in the electrolyte (PFg) and subsequent
electric double layer formation across the electrode/electrolyte interface. %8 102109
Also, such single electrode performance is very crucial to balance the mass between
the electrodes during the fabrication of Li-Hybrid electrochemical capacitor.
Generally, in conventional symmetric supercapacitor the applied potential is equally
distributed among the two electrodes. Whereas, in the asymmetric configuration,
particularly Li-Hybrid electrochemical capacitor the two electrodes undergo different
energy storage mechanisms hence the applied potential gets divided into specific
capacitance of the individual electrodes.

This un-equal distribution leads to the partial utilization of the electro-active
material, resulting in to suppression of energy density. & %! Therefore the mass
balance between the electrodes is necessary for the complete utilization of the active
material and to achieve high energy density Li-Hybrid electrochemical capacitor.
Therefore, half-cell was constructed with dead leaves derived carbon and tested from
OCV to the decomposition potential of conventional carbonate based electrolyte (3-
4.6V vs. Li).
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Figure 3.18: a) Typical galvanostatic charge-discharge curves of various
carbonaceous materials in single electrode configuration between 3-4.6 V vs. Li at
current density of 100 mA g, in which metallic lithium acts as counter and reference
electrode. (b) Plot of specific discharge capacitance vs. cycle number. The data points
are collected after every 10 cycles.

Figure 3.18 a shows galvanostatic charge-discharge curves at a current
density of 100 mA g*. The leaf derived carbon electrode shows linear variation of
potential with respect to time. Such linear variation corresponds to the perfect
reversible adsorption/desorption of PFg anions. 8%l The leaf derived carbon
showed a reversible capacity of ~32mAhg™ which is comparable to the commercially

used activated carbon.

The reversible capacity can be converted into the specific capacitances (CSP)

by using the following equation proposed by Amatucci et al. 1%

CS(F/g) = I(A) % t(S)/3600 X m(g) = mAh/g (Observed Capacity) 3.4

= Observed Capacity(mAh/g) x 3600/dV(mV)
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Where, | is applied current, t is discharge time, m weight of the active material and dV

is testing window of the aforementioned half-cell configuration (1600 mV).

However, the said relation is valid if the variation of voltage with respect to
time is linear. By using this equation the specific capacitance was calculated to be
72Fg™ for Neem leaf derived carbon in Li ion hybrid capacitor configuration. Plot of
the specific discharge capacitance vs. cycle number is given in Figure 3.18 b, where
it can be clearly seen that the electrode exhibit a very stable cycling performance
except for a minor fading in the initial cycles. Capacitance fading in initial cycles is
common for the case of non-aqueous electrolytes *3\. Even after 1000 cycles the
fading in the specific capacitances is noticed to be very negligible.

Based on the electrochemical performance of the spinel phase LisTisO1, under
the same current rate, the active material loading of anode (Li4TisO;,) to leaf derived
carbon cathode was optimized into 1:5.26 for the fabrication of Li-Hybrid
electrochemical capacitor. The cell was constructed using Neem leaf derived carbon
as cathode and insertion type spinel phase LisTisO1, anode and cycled over 1-3 V
testing range at various current densities under the optimized mass loadings described

above. The results are shown in Figure 3.19 a.
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Figure 3.19: a) Galvanostatic charge-discharge profiles conducted between 1-3 V for

Leaf derived carbon /LisTisO;2 Li-Hybrid electrochemical capacitor; b) Ragone plot

of Li-Hybrid electrochemical capacitor comprising of leaf derived carbon cathode.

The constructed hybrid cell showed minor ohmic drop ~3 V followed by

monotonous discharge curve and a sudden drop of potential (~1.4 V onwards). This

Mandakini Biswal 114 University of Pune



Ph.D. Thesis | Chemistry Chapter 3 | Aug 2013

monotonous discharge curve corresponds to the breaking of the electric double layer
across the electrode/electrolyte interface and simultaneous extraction of Li from the
spinel lattice. Specific energy (Esp) and power densities (Psp) of the Li-HEC are
calculated using the following relation,

P, = AE X I/M 35
and  Esp =Py, Xt 3.6

Where AE=(EmaxtEmin)/2 and Emax and Enmin are respectively the potential at beginning
of discharge and at the end of discharge curves of galvanostatic cycle and M is the
active mass loading of both electrodes (mg, anode + cathode). [8104105-1061 Thge
specific energy density of ~26 Wh kg was obtained for the Neem leaf derived
carbon. Figure 3.19 b shows the Ragone plot constructed from the energy density and
power density values calculated at different current densities. This Ragone plot shows

high energy density and power density for the Neem leaf derived carbon electrode.

3.4 Conclusion

In summary high surface area microporous functional (conducting) carbon is
synthesized from the dry waste of dead plant leaves (Neem and Ashoka) without any
external activation and studied for supercapacitor application. The carbon synthesized
at 1000 °C from Neem leaves exhibits a very high charge storage capacity with
specific capacitance of 400 Fg™ and energy density of 55 WhKg™ in 1M H,SO,. The
capacitance is also tested with organic electrolyte (1 M LiPFs in EC:DEC) which
shows a specific capacitance of 88Fg™ at acurrent density of 2Ag™ and with a energy
density value of 56 WhKg™. The energy density is realized to be 40% higher in the
case of organic electrolyte than the case of aqueous electrolyte at the same current
density of 2Ag™. This high supercapacitor performance can be attributed to a specific
nature of microporosity combined with high surface area (1230 m®g™) which is due to
the uniform distribution of the minerals present in the leaf. These minerals are known
to be good porogen which create pores during the process of pyrolysis. The generic
nature of the proposed process of dead leaves is confimed by a similar study on
another plant, namely Asoka. The corresponding carbon material shows a specific

capacitance of 250Fg™ in aqueous and 21Fg™ in organic media. Both the leaf-types
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show very good performance with Neem leaf exceeding the other. We show that the
differences can be traced to the constituion and composition of the Bio-source. We
have also studied the cases of pyrolysis of green leaves as well as un-ground dead
leaves with that of ground dead leaves powder. In Li ion hybrid electrochemical
capacitor configuration with LisTisO1, capacity of ~32 mAhg’and a specific
capacitance of 72 Fg™ is obtained. This is comparable with the commercial activated
carbon electrode materials. This proves that carbon derived from Neem dead leaves is

highly useful electrode material for supercapacitor applications.
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Chapter-4

Water Electrolysis with a Conducting Carbon Cloth: Sub-Threshold
Hydrogen Generation and Super-Threshold Carbon Quantum Dot

Formation

/ In this work we have demonstrated the efficient use of functional conductm

carbon cloth anode (obtained by controlled pyrolysis of commercial cellulose cloth)
in the alkaline electrolysis process which not only reduces the electrical energy need
(and thereby the cost) because of sub-threshold hydrogen generation, but provides an
interesting route for facile and large scale generation of carbon quantum dots. The
sub-threshold hydrogen generation at 0.2V in two electrode system is due to the
turbostratic nature of graphitic carbon in the cloth which provides plenty of defects
sites for slow oxidation of carbon in 1M NaOH electrolyte. In two electrode system
the quantity of hydrogen evolved was measured to be 24mlcm™Hr™ for an applied
voltage of 1V. Interestingly at super-threshold potential (driving voltage above 1.23V
+ overpotential) along with the high quantity of hydrogen oxidized carbon exfoliates
from the cloth surface in the form of carbon quantum dots (5-7 nm). These show

bright blue fluorescence under UV light. The mechanism of the sub-threshold

hydrogen generation and super-threshold carbon quantum dot formation was
\Q/estigated in details and the same is presented and discussed in this chapter. /

Electrochemistry wil
Carbon Cloth

Conducting
Carbon
cloth

Mandakini Biswal 122 University of Pune



Ph.D. Thesis | Chemistry Chapter 4 | Aug 2013

4.1 Introduction

Carbon based materials have remained at the forefront of chemistry and
materials science research due to their attractive chemical, electronic and catalytic
properties. ! The ubiquity and existence of carbon in different structural and
functional forms (in bulk as well as nano) make them even richer in terms of the
variety properties they support. Indeed, the electronic, thermal and optoelectronic
behaviour of carbon nanotubes, graphene and graphene quantum dots have made this
evident more than ever in recent times. ©! In the context of the current energy crisis
and the intense research towards efficient, cost effective and clean energy generation
and storage, such carbon based systems and their composites promise very interesting
options. Studies of such low dimensional, low Z forms are also quite rich from the
standpoint of fundamental science. In this chapter we present some interesting and

novel strategy to employ a specific form of carbon material for hydrogen generation.

The potential of hydrogen gas as a fuel is unarguable; the energy density is
one of the highest (120 Jg™ ) with water as the by-product of the combustion.
Moreover, hydrogen can be produced from several different sources such as water,
biomass, natural gas or coal. 2°* Currently the most commonly used and fairly
efficient method of hydrogen production is coal gasification and methane reforming
reaction, both being energy intensive with undesirable environmental impacts. 104
Hydrogen generation from biomass is a sustainable method but is still far from being
efficient.'] Water electrolysis is one of the earliest known methods of producing
highly pure gases of hydrogen and oxygen. The discovery of electrolytic water
splitting was first observed in acidic water, however due to corrosion related concerns
alkaline water electrolysis has become more common in water electrolysis
technology. Other related methods developed in recent times are proton exchange
membrane water electrolysis and steam electrolysis. In alkaline electrolysis, the half

cell reactions are as follows:
At cathode 2H,0 +26¢ ———» 20H+H, *4
At anode 20H ——» H,0+2e+1/20, 4

Net reaction 2H,O0 ——» H»+1/20,+H,0
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As per the above reactions, hydrogen is evolved at the cathode and oxidation
of OH" ions at anode leads to the evolution of oxygen. Therefore the kinetics of this
electrochemical reaction is highly dependent upon the type and configuration of
anode and cathode. The rate of oxidation of OH" ions to oxygen molecule at the anode
surface is usually very poor and is the limiting factor in alkaline electrolysis process.
The theoretical minimum potential required for this reaction to occur is 1.23V with
respect to normal hydrogen electrode (NHE). In real electrolysis process due of
several resistive factors at the interfaces of the electrode/electrolyte and
electrode/conducting substrate an overpotential of 0.3 to 0.8V is required . The
overall efficiency of the electrolytic water splitting reaction depends upon the
minimization of this overpotential, which depends on the selection of the electrode
material with favourable microstructure, pore structure and electrocatalytic property
(electrode to improve the reaction kinetics of the OH" oxidation to oxygen molecule),
an appropriate electrolyte. It also depends on the design of the electrolytic cell
(distance between electrodes, sizes of electrodes etc). Amongst these the selection of
electrode is the most crucial parameter. Platinum is known to be the most efficient
electrode material for water reduction, followed by stainless steel, which is more
commonly used in the industry. *>* Recently graphite and carbon nanotube based
electrodes have been studied as potentially low cost and efficient anode materials. [*8!
Dubey et al. showed that the defects on the surface of multiwall carbon nanotube
pellet play a key role in enhancing the current density of the electrode. 8 However
since the amount of hydrogen produced is directly correlated to the current (or charge)
being passed through the electrolytic cell, it really comes down to the threshold
voltage (and overpotential) when one wants to operate the cell at lower wattage (or at
higher efficiency). In this context in 1979 Farooque et al. had proposed a carbon
assisted water electrolysis process in which coal slurry was used as the sacrificial
agent in acidic water where CO, (instead of O,) and H, evolved during the
electrolysis. Since carbon oxidation to CO, thermodynamically requires less energy
(threshold at 0.21V), this mechanism provided overall reduction in the overpotential
for water splitting *%. Seehra et al. further studied and optimized this process but the

yield remained lower for the operating voltages below 1.23 V. [
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In the present work we demonstrate that alkaline water electrolysis using a
functional carbon cloth as anode shows an onset of hydrogen generation much below
1.23 V. Importantly, the porous structure with large quantity of defects and high
conductivity of the functional cloth allow high current densities comparable to
precious platinum. The turbostratic disorder in the structure of the cloth facilitates
oxidation during the electrolysis process which starts off at as low a voltage as ~0.2
V. Although this process is also carbon-assisted water electrolysis, the extent of
carbon oxidation is intrinsically controlled leading to oxygen evolution in contrast to
CO; evolution as reported by Farooque et al. ** and Seehra et al. 2 with the addition
of carbon slurry. Most remarkably, when the operating voltage is beyond water
decomposition, we observe that there is formation of copious quantity of carbon
quantum dots (CQDs) emanating from the cloth anode in the electrolyte. We study the
microstructural and electrochemical properties of this most interesting anode material
in several details and present the mechanism underlaying the sub-threshold hydrogen
generation and super-threshold CQD formation.

4.2 Experimental

4.2.1 Materials
The cellulose fabric was obtained locally and used directly without any further

treatments. NaOH and H,SO, were purchased from Loba Chemicals and Rankem

respectively. Pt foil used as cathode was purchased from Alfa Aesar.

4.2.2 Functional Carbon Cloth synthesis
The cellulose fabric was placed on an alumina plate and was subjected to

pyrolysis at 1000° C for 4 Hr in a split tube furnace under continuous flow of argon
gas. The heating rate was 10°C per min. After the reaction was over a black coloured
conducting carbon cloth was obtained (Scheme 4.1). It was characterized by several

techniques and was directly used as an anode in the water electrolysis process.

4.2.3 Characterization of the carbon cloth
The synthesized cloth material was characterized by x-ray diffraction using

Philips X’Pert PRO diffractometer with nickel-filtered Cu Ka radiation, Raman
spectroscopy using Lab RAM HRB800 from JY Horiba, high-resolution transmission
electron microscopy using IFEI, Tecnai F30, with 300 KV FEG and field-emission
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scanning electron microscopy (FESEM; Hitachi S-4200). The surface of cloth was
examined by x-ray photoelectron spectroscopy (XPS) on a VG scientific ESCA-3000
spectrometer using non-monochromatized Mg Ka radiation (1253.6 e¢V) at a pressure
of about 1x10° Torr. All the electrochemistry measurements were done with Autolab
PGSTAT30 (Eco-Chemie)

4.2.4 Electrochemical measurements for water electrolysis process
All the electrochemical experiments were performed in a closed glass cell

made up of three separated chambers for anode (carbon cloth, graphite, platinum),
cathode (platinum) and reference electrode (Saturated calomel electrode). All the
three chambers were connected with glass frit for ion transport. All the measurements
were performed with both the three and two electrode systems. The electrolyte used
for the measurements were 1M NaOH and 3.7M H,SO,. For the electrolysis process
100 ml of electrolyte was poured in the glass assembly and the externally connected
anode/cathode were placed into it. For all the three electrode system measurements
saturated calomel reference electrode was used. External voltage of 0-2V was
supplied through the potentiostat and the current was measured from by cyclic
voltametry. Autolab PGSTAT 30-Eco-Chemie was used to sweep the voltage at a

scanning rate of 10 mV s™.

4.2.5 Gas Analysis
All the gases evolved at the anode and the cathode, were analyzed by Gas

Chromatography (GC). A closed glass reaction cell with three electrode assembly,
having provision for withdrawal of the gaseous samples at desired intervals, was
employed in these experiments. Prior to each experiment, the reaction cell was purged
with nitrogen for a few minutes. The evolved hydrogen was sampled with a 500 ul
syringe (Hamilton) and analyzed periodically by using the gas chromatograph
(Agilent model-1020), equipped with a 9ft Mol-Sieve 5A column having argon as the
carrier gas and a thermal conductivity detector maintained at 400 K. All the CO,

detection experiments were performed with the porapack Q column.

4.2.6 Synthesis and Purification of carbon quantum dots
Carbon quantum dots (CQDs) were synthesized by using two electrode

systems with the cloth as anode and Pt as cathode with 100 ml of 1M NaOH in a 250

ml glass beaker. A constant potential of 2V was applied for 1 Hr between the
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electrodes. After 1 Hr a brown coloured solution was collected and diluted to 500 ml.
The pH of the solution was neutralized to 7 by adding dilute HCI followed by the
addition of ethanol drop by drop. To the above solution Mg,SO, salt was added and
stirred for 10 mins. This solution was then filtered and purified by using a dialysis

membrane (3.5 kD). The purified CQD suspension was used for all the

characterizations.

4.3 Results and Discussions

1000°C, 4Hrs
— Conducting
Carbon
Pyrolysis cloth

10°C/min,under Ar flow

Scheme 4.1: Synthesis of carbon cloth from cellulose fabric

Figure 4.1a shows the XRD pattern for the pyrolyzed cloth which shows two
prominent peaks at 20 value of around 25 and 44 which correspond to the (002) and
(101) planes of turbostratic carbon. *?? The Raman spectrum of the cloth shown in
Figure 4.1b also shows the D and G bands at 1300 cm™ and 1590 cm™, respectively.

Carbon Cloth Carbon cloth
(002)
3 3
8 (101) <
> 2
2 2
c c
g g
£ I=
a b
20 30 40 50 60 70 1000 1500 2000 2500 3000
20° Raman Shift (cm™)

Figure 4.1: a) X-ray diffraction, b) Raman spectrum for the conducting carbon cloth

The G-band represents the presence of graphitic nature and D band corresponds to the

defects presents in the system. From this figure it can be clearly observed that the
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intensity of D band is higher than the G band with Ip/lg ratio ~1.2 which represents
high concentration of defects present in the cloth surface which is due to the
imperfections in the turbostratic structure of the carbon cloth. %!

Figure 4.2: a-d) FESEM images of carbon cloth

The microstrutcure of the as-synthesized carbon cloth was studied with FE-
SEM and the images are shown in Figure 4.2a-d. Expectedly, these images show
fibre-like structures present in the carbon cloth with rough surfaces. The frequency
dependant conductivity data for the material is shown in Figure 4.3 which shows that
the carbon cloth is highly conducting in nature.

Conductivity (S/cm)

10-6.-2_' 0 o2 4 6
10 10 10 10 10
Frequency (Hz)

oy

Figure 4.3: Frequency dependant conductivity data for carbon cloth
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4.3.1 Sub-Threshold Hydrogen Generation
Figure 4.4 shows the I-V scan of the water electrolysis process using

functional cloth as anode and Pt foil as cathode in 1M NaOH electrolyte in a three
electrode system. For comparison, I-V scans of graphite-Pt and Pt —Pt combinations
of anode-cathode are also presented. As seen from these plots, the functional cloth

shows dramatically high current density as compared to both graphite and Pt anodes.

In order to truly monitor the onset potential of the oxidization of anode in the
application context we also recorded the 1-V data under two electrodes set up, which
is shown in Figure 4.5. From this plot it can be clearly seen that the plots for graphite
and Pt anode start to take off above only 1.5 V which is consistent with the reported
operating potential for water splitting including the overpotential. However,
remarkably, in case of functional cloth, the kick off is around 0.2 V which plateaus at
around 1.5 V and then again takes off. We demonstrate that this sub-threshold
hydrogen generation starts off due to oxidation (etherification) of the carbon on the

surface of the turbostratic functional cloth.

Cloth-Pt : 3 electrode
Graphite-Pt:
1 —Pt-pt

oo
e

o
il

Current Density (mAcm'z)
i-N
Q

08 10 12 1.4 16 18 2.0
Applied Voltage (V) Vs RHE

Figure 4.4: Cyclic Voltammetry curves for cloth-Pt, graphite-Pt and Pt-Pt cases in a

three electrode system from-1V to 1V range.
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Figure 4.5: Cyclic Voltammetry curve for cloth-Pt, graphite-Pt and Pt-Pt cases in
two electrode system from 0-2V.

A current density as high as 32 mA cm™ was observed in this region which is
almost 3 orders of magnitude higher as compared to graphite and Pt as anode. Beyond
1.5 V there is an increase in the rate of hydrogen generation as seen in the change of
slope in the I-V plot for the cloth, which is associated to the take-over of regular water

electrolysis process similar to graphite and Pt anodes. This can also be more clearly

0.6
e ClOth-Pt
Graphite-Pt
>
— 0.4+
i
=
8
(o}
2 0.2-
o
>
o
1 10 100

Current Density (mAcm'z)

Figure 4.6: Tafel plot for cloth-Pt and graphite- Pt in three electrode system
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understood from the Tafel plot shown in figure 4.6 which represents the exchange
current density calculated by drawing a tangent to the x-axis. From this graph it was
observed that the exchange current density is the case of carbon cloth is higher (24
mAcm?) than the graphite and Pt as anodes. (1 mAcm™ for graphite and 0.3 mAcm™
for Pt).

The evolved hydrogen was measured using Gas Chromatography as presented
in figure 4.7. In this plot the total amount of hydrogen evolved over one hour is
presented when a constant voltage of 1V (sub-threshold) and 2V (super-threshold) is
applied. The most important thing to note here is that at 1 V only cloth showed
hydrogen evolution (24 ml/cm?). Graphite and platinum did not show even a trace of
hydrogen. At 2V there is an obvious increase in the yield for the case of cloth from 24
to 56 ml/cm?, which is much higher (> 5 times) than the amount of hydrogen evolved
with graphite or platinum as anodes. The difference in hydrogen yield here is
consistent with the differences in current densities measured via I-V scans. At all

times the gas evolved at the anode was confirmed to be oxygen.

60

I Cloth-Pt
I Graphite -Pt
| . Pt-Pt

2 electrode sytem

20+

Hydrogen (mlcm™Hr")

4 no H, detected
no H, detected

-
<

2V
Applied Potential (V)

Figure 4.7: H, measured at 1V and 2V applied potential for cloth, graphite and Pt as
anode

We propose that the primary reason for such a high rate of hydrogen evolution
in the case of cloth as anode (even as compared to graphite) is due to the catalytically

active surface defects present in the carbon cloth. As this cloth has been synthesized
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at 1000°C, there is partial graphitization in the structure which gives rise to
turbostratic (disordered) structure. Such a turbostratic cloth holds topologically
distorted nanoscale graphene units and has more surface and edges available for the
electrolysis, (and related catalytic) process. At the same time it can undergo oxidation
more easily. In 1M NaOH as electrolyte there is a high concentration of OH" ions. In a
typical alkaline electrolysis process the OH" ions get oxidized at the anode surface and
form O, molecules. But in case of the turbostratic functional cloth, the OH" ions can
get adsorbed on the surface and can oxidize the carbon surface successively from C-
OH to C=0 to -COOH etc. under the applied potential. These oxidation reactions
start at very low potentials, they are exothermic in nature and they cause irreversible
changes on the surface of the cloth. *?! Thus the required energy for hydrogen

C1s c-0 O1s
35 =
s S
2 >
® g Chmisorbed
§ s oxygen
S £
282 285 288 291 528 532 536
Binding Energy (eV) Binding Energy (eV)
c=0 O1s
3 S5
s 8
ey Pl .
= @ Chmisorbed|
5 g oxygen
£ £
280 284 288 528 532 536
Binding Energy (eV) Binding Energy (eV)

Figure 4.8: a) and b) C1s and O1s spectra of fresh cloth; ¢ and d) Cls and Ols

spectra of used cloth for electrolysis.

generation below the threshold voltage of 1.23V is taken from the oxidation of carbon

surface. Therefore as the cloth itself participates in the electrolysis process the overall
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efficiency of hydrogen generation is higher as compared to pure electrolytic water

splitting.

Although this is also a carbon-assisted water electrolysis process, the distinct
difference with respect to the previous slurry work 2% s that herein instead of CO,
evolution oxygen gas is getting evolved and concurrently the electrode is undergoing
a chemical change (oxidation). To confirm this proposed mechanism, we investigated
the functional cloth which had undergone the electrolysis process by x-ray

photoelectron spectroscopy (XPS) and the data are shown in Figure 4.8.

The parts (a) and (c) in this figure show the C1s spectra of fresh conducting
carbon cloth and electrochemically processed carbon cloth, respectively. In the case
of the fresh cloth the Cl1s spectrum can be fitted with three major peaks which
correspond to C=C (binding energy 284.6 eV), C-C (binding energy 285.67 eV) and
C=0 (binding energy 287.8 eV). 32 This clarifies that the fresh cloth contains only
a few percent oxygen containing groups on the surface. However the C1s spectrum of
the electrochemically processed carbon cloth shows an additional peak at binding
energy 289.7eV along with the three peaks corresponding to C=C, C-C and C=0.
This peak corresponds to O-COO which is ester and carboxylic group. This proves
that during the electrolysis process the surface of the cloth undergoes oxidation
(hydroxyl to carboxyl to ester groups getting attached to the carbon on the surface). In
line with this Figure 4.8 b and d depict the O1s spectra of the fresh cloth and the
electrochemically processed cloth, respectively. In the case of fresh cloth the Ols
spectrum consists of 3 peaks which belong to C-O (binding energy 533.1 eV), C=0
(binding energy 531.26 eV) and chemisorbed oxygen (binding energy 534.6 eV).[2¢-%2
In the case of the electrochemically processed cloth the intensity of C=0 peak is
enhanced (highest intensity peak) as compared to the fresh cloth case. This is also due

to the anodic oxidation observed during the electrolysis process.
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Figure 4.9: FTIR-ATR spectra of fresh cloth and used cloth after electrolysis

Figure 4.9 shows the FTIR spectra for the cases of fresh carbon cloth and
electrochemically processed cloth from electrolysis in the attenuated total reflection
(ATR) mode to further reveal the oxidation process during electrolysis. In the case of
electronically processed cloth the peak appearing at ~1640 cm™ is associated with
carbonyl or quinine groups present on the surface which is almost absent in case of
the fresh cloth. ¥*** The appearance of this peak clearly indicates the electrochemical
oxidation of the surface of carbon cloth during electrolysis. Also the emergence of the
giant broad peak at ~3317 cm™ due to the OH groups present on the carbon surface
distinguishes the surface of the electrochemically processed carbon cloth from the
fresh one indicating that the processed cloth has undergone stronger oxidation.

In line with the carbon assisted water electrolysis proposed by Farooque et al.

(91 and later studied in more details by Seehra et al. [

, we studied the
electrochemical performance of the functional conducting carbon cloth in an acidic
medium. Since under acidic conditions the cloth surface is even more prone to
oxidation, we observed that with 3.7M HNO; as electrolyte the cloth underwent
complete oxidation and released CO; instead of O, at voltages lower than 1.23V. This

is consistent with the observation for coal slurry in acidic water. But since the cloth
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itself is conducting, it could act as both the electrode and at the same time a sacrificial

component getting oxidized itself into CO,.

4.3.2 Super-Threshold Carbon Quantum Dot Formation
When a potential above 1.5V (1.23 + overpotential) is applied during the

electrolysis with the functional conducting carbon cloth as an anode and Pt as a
cathode, a very interesting observation was made. It was observed that the electrolyte
solution slowly turned brown in colour. Interestingly, this was not observed when
graphite was used as anode. When this solution was purified and characterized with
HR-TEM and photoluminescence spectroscopy, it was observed that it contained
carbon quantum dots. The HR-TEM images show well dispersed 5-7 nm particles as

shown in Figure 4.10 a-d.

Figure 4.10: a-d) HRTEM images of carbon quantum dots generated from carbon
cloth
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Figure 4.11 represents the photoluminescence spectra of carbon quantum dots
dispersed in water at different excitation wavelengths. The PL spectra show that the
fluorescence emission of carbon quantum dots is excitation dependent which is
commonly observed in the case of carbon and graphene quantum dots. > |n case of
carbon quantum dots the excitation-dependent PL behaviors is not only because of the
presence of particles with different sizes but also distribution of different emissive
sites on each carbon dot. The fluorescence peak shifted from 490 to 527nm when the
excitation wavelength changed from 380 to 480 nm. Also the peak intensity was
observed to decrease with increase in the excitation wavelength. The inset of this
figure shows the bright blue colored emission of carbon quantum dots (CQDs) under
UV light.

5
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Figure 4.11: Photoluminescence spectra of carbon quantum dots dispersed in water;

inset shows blue colour fluorescence of carbon quantum dots under UV light

Upon careful observation of the 1-V data and onset of quantum dot formation,
we realized that the sub-threshold hydrogen generation and super-thereshold quantum
dots formation processes are actually interlinked. The quantum dot formation process
only starts when the hydrogen generation through water splitting takes over above 1.5
V. Hence again this quantum dot formation mechanism can be explained on the basis

of anodic oxidation of the carbon cloth. Often in electrochemical processes of carbon
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based electrodes it has been observed that the electrode itself undergoes reduction or
oxidization and there are some reports of formation of graphene or carbon quantum

dots using this approach. [+

In our case, in line with the earlier discussion on oxidation of turbostratic cloth
surface in alkaline electrolyte, at potentials up to 1.5V, the OH" ion get bonded to the
carbon surface and form C-OH along with the release of one electron. Subsequent
oxidation continues forming —-HC=0, -C=0, -COOH and also —O-COO- etc. with
each step releasing corresponding number of electrons. However above a particular
threshold voltage, the carbon turbostratic units themselves begin to get exfoliated
from the surface forming carbon quantum dot. It should be pointed out that the
standard protocol of chemical synthesis of graphene from graphitic powder does
involve oxidative exfoliation followed by reduction of the product. Since in our case it
starts off above ~1.5V, probably the release of oxygen gas molecules at anode can
also help with internal mechanical stresses in the exfoliation of turbostratic carbon
units from the surface. Although there have been several reports of electrochemical
synthesis of graphene and carbon quantum dots, ¥***! as per our knowledge this is the
most dilute condition in terms of electrolyte concentration, number of cyclic

voltammetry cycles and applied voltage, where carbon quantum dot synthesis occurs.
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Figure 4.21: Schematic diagram for the possible mechanism of electrochemical

reactions occurring at the carbon cloth surface
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In summary, we briefly restate the overall proposed mechanism of sub-
threshold hydrogen generation and super-threshold carbon quantum dot formation
with the help of a schematic diagram which is shown in Figure 4. 22. As shown,
when the applied potential is below 1.23V (plus the overpotential), the water
molecules get dissociated into OH" by taking electrons from the Pt surface. The OH-
ions then travel to the anode and oxidize the carbon surface by releasing electrons.
This exothermic oxidation process proceeds slowly from C-OH to COOH during the
subsequent electrochemical reactions by releasing energy. This energy leads to the
onset of hydrogen evolution much below the threshold potential. When the applied
potential is greater than 1.23V (plus the overpotential) further oxidation of the already
oxidized carbon surface leads to the exfoliation of tiny turbostratic carbon units into
the electrolyte solution. These units are identified to be highly water-dispersed carbon
quantum dots (CQDs) with highly oxidized surface. We emphasize that the peculiar
turbostratic graphitic nature of the conducting carbon cloth is central to the observed
unique features of this experiment, which not only provides high conductivity to act
as an electrode but also supplies many reactive sites for the reaction to occur at low
potential. Graphite, graphene, CNT or other such carbon forms do not provide these

special features.

4.4 Conclusion

In this report we demonstrate an immensely interesting electrochemical
functionality of a conducting carbon cloth as electrode material. This functional cloth,
which was obtained by simple one-step pyrolysis of an industrial cellulose cloth,
when used as anode in an electrochemical cell, shows very high efficiency (much
higher than Platinum as anode) for hydrogen generation. Most importantly, the
hydrogen generation was observed to start much below 1.23V vs RHE (as low as 0.2
V). We show that this is made feasible because of the highly disordered-turbostratic
structure and high conductivity of the functional cloth. Due to this, in alkaline
electrolyte, the cloth undergoes irreversible oxidization and in effect allows sub-
threshold hydrogen generation. Only above the threshold voltage oxygen is observed
to be evolved. Another very interesting finding is that, above 1.5 V corresponding to

rapid hydrogen evolution, the oxidized carbon cloth allows exfoliation of nanoscale
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turbostratic carbon units from the surface due to its defective structure leading to its

suspension in the electrolyte as carbon quantum dots (CQDs). No such CQD

formation occurs at comparable or even higher voltages with graphite anode. We

believe that this study opens up a great opportunity for further work and optimization

of structure of carbon based materials for electrolysis application.
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Chapter-5

Pulsed Laser Synthesis of Mesoscopic Fe;O,4 Spheres for Use as

Anode Material in High Performance Li ion Battery

/ This chapter focuses on the synthesis and study of spherical particles of\

magnetite (FesO,) as anode material in Li ion battery. About 200 nm sized magnetite

particles are synthesized directly from bulk commercial a-Fe,O3 powder by pulsed
excimer (UV) laser irradiation technique in solution phase. The Fe3O4 particles show
a capacity of 1100 mAhg™ at a current density of 100 mAg™. The capacity is highly
stable up to 40 cycles without any significant capacity fading. The coulombic

efficiency of 97% is achieved with high stability and reversibility.

\ /

UV laser Pulses

After 5Hr laser Irradiation

Direct Conversion of bulk a-Fe,O3; to mesoscopic Fe;O4spheres
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5.1 Introduction

Lithium ion batteries have been widely used as power sources for portable
electronics over the past several decades.’"! Immense research has been carried out to
reduce the cost and increase the efficiency of Li ion battery by designing and
manipulating the anode and cathode materials. The efficiency of Li ion battery is
limited because of the low theoretical capacity (372 mAhg™) of graphite anode. ®!
Hence it is unable to meet the ever growing energy demand of high energy and high
power density for portable electronics. Therefore current research is focused on the
synthesis of novel anode materials with promising properties for such high

performance Li ion battery.

Apart from carbon materials various nanostructured transition metal oxides
such as Fe,03, Fe304, NiO, CoO, Co30,4, CuO etc. are being widely investigated as
anode materials for Li ion battery because of their high capacity.!*¥! These materials
can replace conventional graphite anode because of their high theoretical capacity
which ranges from 500 to 1200 mAhg™.*?%l However most of these metal oxides
usually suffer from very high volume expansion/contraction, and severe particle
aggregation associated with the Li ion insertion/extraction process. This results in
large capacity fading and poor cycling stability, especially at high rates. Despite
enormous research for the improvement of properties of anode materials reversible
capacity, cyclability, and high-rate capability are still unresolved major issues and

remain a great challenge for this field of Li ion battery.[*’?

Among various metal oxides, hematite (a-Fe,O3) and magnetite (Fe3O4) have
been widely studied as the most promising electrode materials because of their high
theoretical capacity (1004 mAhg™ for o-Fe,Os; and 924 mAhg™ for Fe;0,), eco-

friendliness, and natural (earth) abundance. 2%

The reactions of a-Fe,03; and Fe;O, with lithium can be written as follows.
a- Fe;03 + 6Li" + 667 «+—>2Fe® + 3Li,0

FesO4 + 8Li" + 8¢ <« 3Fe’ +4Li,0

When coupled with the higher intrinsic densities, iron oxides offer about six

times higher volumetric capacity than graphite (5.17-5.24 gcm™ Vs. 2.16 gcm™ for
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graphite) which is a major advantage for smaller battery packs. 2! The performance
of these iron oxides is also affected by their synthesis methods. Mostly these oxides
are synthesized by sol-gel, hydrothermal, co-precipitation, soft and hard templating,
microwave, electro-deposition and  electrospinning  techniques.*?3?  The
morphological control of these oxides materials is becoming increasingly important
for high performance in Li ion battery design. Because of the Li intercalation process,
the size and shape of these materials should be ideal to avoid distortion of the

structure and capacity loss.

As stated above, Fe3O4 has proved to be a fairly efficient anode material for Li
ion battery.*>*! There are many reports on the use of FesO4 nanoparticles as
electrode material and these reports have also addressed various problems and
limitations in this context. The major limitations of Fe;O, as anode material are
capacity fading due to the lack of stability and decrease in the columbic efficiency. A
lot of studies have been reported on the synthesis of Fe3O,4 but there is hardly any
report on direct conversion of a-Fe,O3 to Fes0,4. As a-Fe,O3 is the most stable phase
amongst all the iron oxides, converting a-Fe,O3 to FesO,4 is a non-trivial process.
There are literature reports on the synthesis of Fe;O, from a-Fe,O3 by high pressure

high temperature reduction by passing reducing gases. (467

In this present work we have synthesized mesoscopic Fe;04 by a novel and
simple method involving exposure of a-Fe;03 bulk powder suspended in water to 20
ns Excimer laser pulses (UV, 248 nm) under constant stirring. In view of the nature of
the results obtained, we term this as pulsed laser induced reactive micro-bubble
synthesis (PLRMS) process. Pulsed UV laser treatment of suitably chosen chemical
precursors is a very unique method for the synthesis of nanoparticles because of two
reasons; first photo-dissociation of molecules caused by direct UV laser absorption
and second, high temperature local heating (few thousand degrees, plasma formation)
caused by energy dissipation leading to local high pressures as well. 841 These
dynamics effects render chemical changes in the molecules and precursors including
decomposition and subsequent associations/reactions with the suspending media or
ambient. Reactions can in fact be manipulated by adding some external reagents

which can construct totally new compounds after the photo-thermal melting. After the
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short time melting either photofusion or photo-fragmentation of particles has been
observed which leads to bigger particles or smaller particles, respectively. P! There
are many reports on size reduction of gold and silver nanoparticles in colloidal
solutions by pulsed laser photo-fragmentation. P Separately, size growth of gold
nanoparticles is also reported using pulsed 532 nm laser light, wherein a maximum
size of at most less than 100 nm was achieved due to the subsequent photo-
fragmentation.®**¥ Thus, laser irradiation techniques have been primarily used to
control the size of particles. The tremendous promise of this technique in terms of

reactive synthesis however has remained considerably less explored.

In this work direct conversion of a-Fe,O3 to Fe;O4 has been observed with no
intermediate product formation. We believe that the 20 ns UV (248 nm, hv = 5eV)
laser pulses melt and vaporize the bulk o-Fe,Oz particles suspended in water /
ammonia solution forming bubbles with local high pressure/superheated water and
ammonia (vapour) resulting in the formation of reduced phase Fe;O,. The rounded
spherical type morphology realized herein conforms to this picture very well. Various
characterizations confirm the formation of the ferromagnetic magnetite phase. We
tested these Fe3O, particles as anode material for Li ion battery and found a high
capacity of ~1100 mAhg™. Interestingly the capacity of laser synthesized FesO.,

particles is highly stable up to 40 cycles with 97% coulombic efficiency retention.

5.2 Experimental Section
5.2.1 Materials
Bulk a-Fe,O3 was purchased from Alfa aesar (99.99 % ) and aqueous 30%

NH; solution was obtained from Ranchem chemicals.

5.2.2 Synthesis of Fe3O4 particles from bulk a-Fe;O3

100 mg of bulk a-Fe,O3; powder was dispersed in 25 ml of water by using
ultra-sonication in a probe sonicator for 30 mins. To the above solution 25 ml of 30%
aqueous NHj; solution was added and the entire solution was transferred to a 100 ml
quartz beaker. This solution was then subjected to pulsed excimer laser (248 nm,
pulse width 20 ns) irradiation at an energy density of ~214 ml/cm? and pulse
repetition rate of 10 Hz for 5h under constant stirring. This solution was then washed
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with D.I. water several times to remove excess ammonia and then dried in a vacuum
oven at 60°C overnight. The dried powder was then used for anode material in Li ion
battery. To observe the phase change during the progress of reaction samples were
subjected to laser irradiation for different times and thoroughly characterized by

various techniques (30mins, 1.5Hr, 3Hr, and 5Hr).

5.2.3 Characterizations

The synthesized a-Fe,O3; and Fe3O, particles were characterized by X-ray
powder diffraction using Philips X’Pert PRO diffractometer with nickel-filtered Cu
Ka radiation, Raman spectroscopy using Lab RAM HRS800 from JY Horiba, high-
resolution transmission electron microscopy using IFEI Tecnai F30 with 300 KV FEG
and field-emission scanning electron microscopy (FESEM, Hitachi S-4200). The
surfaces of a-Fe,O3 and Fe;O, were examined by X-ray photoelectron spectroscopy
on a VG scientific ESCA-3000 spectrometer using non mono-chromatized Mg K,
radiation (1253.6 eV) at a pressure of about 1x10™° Torr. All the electrochemistry
measurements were done with Autolab PGSTAT30 (Eco-Chemie). Magnetism
measurements were performed on SQUIDVSM magnetometer (Quantum Design).
Maossbauer analysis was performed using 57Co(Rh) y-ray source and o-Fe foil as the
standard for calibration. Diffuse reflectance spectra was recorded in JASCO V-570

spectrophotometer.

5.2.4 Electrochemical Measurements

All the Electrochemical measurements were carried out by using two electrode
CR 2016 coin cell assemblies. Working electrode was prepared by making slurry of
Fe3;04 with conducting carbon (Super-P) and binder (teflonized acetylene black, TAB-
2) using ethanol as solvent and pressing it on a 200 mm? stainless steel mesh
(Goodfellow, UK). Pure Li metal was used for counter electrode. A micro-porous
paper (Whatman, Cat. No. 1825-047, UK) was used as a separator along with 1M
LiPFg in ethylene carbonate (EC)/dimethyl carbonate (DMC) (1:1 wt %, Selectipur
LP 30, Merck KGaA, Germany) as electrolyte solution. All this cell assembly process
was carried out in a glove box to maintain inert atmosphere. The performance of the

coin cell was then tested for several charge and discharge cycles.
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5.3 Results and Discussions

Figure 5.1 a and b depict pictures of quartz beakers containing a- Fe;Os;
solution before laser irradiation (dark red coloured solution) and the solution obtained
after 5Hr laser irradiation under stirring (black coloured Fe;0,). After stopping the
magnetic stirring all the particles get attracted quickly towards the magnetic needles
as shown in Figure 5.1 c. One can also put a magnet on the side to pull the entire
powder sideways. Given the non-magnetic character of a- Fe,O3 and ferromagnetism
(FM) arising only from Fe3Qy, this result implies that either all a- Fe;Os is converted
into FesO4 or one has a composite of the two with strong contribution of the FM

phase.

> aide. ] ',A -
e ———

a-Fe,Os+ NH,OH (aq) Fe;0, after 5Hr Fes0, particles attracting
laser irradiation towards magnetic needle

Figure 5.1: Conversion of bulk a-Fe;03 to FesOy after SHr laser irradiation; a) a-
Fe,O3 in aqueous ammonia solution before laser irradiation; b) After 5 Hr laser
irradiation showing formation of black colored Fe3O,4; ¢) Magnetic Fe3sO,4 particles

attracted to the magnetic needle after the stirring stopped

Figure 5.2 shows the x-ray diffraction (XRD) of bulk a-Fe,O3; and various
samples obtained after pulsed laser irradiation for different times (30min, 1.5Hr, 3Hr
and 5Hr). It can be observed from this figure that the XRD of bulk Fe,O3 shows pure
phase of hematite whereas after 30mins of laser irradiation the peaks begin to get
modified implying changes in the phase constitution. After about 1.5Hrs of laser
irradiation new peaks of magnetite (FesO,) start appearing gradually indicating partial
conversation of a-Fe,O3 to Fe3O4 whereas after 3Hr, intensity of the new peaks
corresponding to the Fe3O, phase start increasing significantly with a concurrent
decrease in the intensity of a-Fe,Osz peaks. After 5Hrs of laser irradiation almost

complete conversion of a-Fe;O3 to Fe3O, is observed as the XRD shows magnetite
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phase tiny percentage of hematite (small peaks in the XRD). In the case of bulk a-
Fe,O3 the highest intensity peak was observed at 20 value 33.1° which corresponds to
the (104) plane(s) but after 5Hr irradiation the highest intensity peak observed is at
35.4 (311 plane) which belongs to magnetite phase (Fe30,).

I bulk Fe,O,
l I I After 30 mins

I l After 1.5Hr
I l After 3Hr

I After 5Hr
A l 2 l " A A
° Fe203 standard

1 I]?T! ! Tﬂ 110 2% ¢ o

* FE!JO4 standard

h d : . T }f | 1 — & T | T LS 2o o
20 30 40 , 90 60 70 80
20

Intensity (a.u.)

Figure 5.2: XRD spectra of laser synthesized powders at different time intervals: bulk
a-Fe,03, after laser irradiation for 30 mins, 1.5 Hr, 3 Hr and 5 Hr along with

standard spectra of a-Fe,0O3 and Fe;O,4 for comparison.

Figure 5.3 shows Raman spectra of the initial bulk a-Fe,O3 and the Fe3;O4
powder formed after SHr laser irradiation. It is observed that along with Fe;O, there
are small signatures of a-Fe,O3 (shown by *) on the surface after SHr laser irradiation.
The Raman spectra of bulk o-Fe,Os; show a number of peaks at 228cm™ (Asg) (9),
244cm™ (Ey) (W), 292cm™ (Eg) (s), 412ecm™ (Ey) (s), 499cm™ (Ayg) (w), 612cm™
(Eg)(m), 660 cm™(Longitudinal optical, E,), 1320cm™ (s). These correspond to pure
hematite phase. *°°°! In the case of 5Hr laser irradiated sample weak features are
noted at 300 and 550 cm™ which are assigned as T14 mode of vibration of magnetite

whereas a strong peak is noted at 670 cm™ which belongs to the Aig mode of
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magnetite (Fe3O4). These results are in good agreement with the reported literature

values and confirm the formation of Fe;0, phase. [°® "]

Bulk Fe,0,

——— After 5Hr laser irradiation

Intensity (a.u.)

300 600 900 1200 1500
Raman Shift (cm™)

Figure 5.3: Raman spectra of a-Fe,O; and Fe3O, synthesized after S5Hr laser

irradiation.

Figure 5.4: SEM images of bulk a-Fe,O3 (a and b), and the material synthesized after

5Hr laser irradiation (c and d).

The morphological features of bulk a-Fe,O3; and Fe3O4 powder formed after
5Hrs of pulsed laser treatment are reflected by the SEM images in Figure 5.4. These
images show that in the case of bulk a-Fe,O3 random distribution of particles is seen
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with agglomeration. After 5Hr of laser irradiation these particles show a remarkable
morphology evolution forming nearly spherical balls of 200-250 nm with defined
features. The morphology of Fe;O, particles formed was also studied by HRTEM
imaging, the corresponding results represented in Figure 5.5. In Figure 5. 5a-c
spherical balls of Fe3O4 with particle size around 200-250 nm are observed and the
lattice fringes shown in Figure 5.5 d match very well with the spinel Fe;O,4 phase
with a d-spacing of 0.48 nm.

"’
iy >

k : \H

b

Figure 5.5: a-c) TEM images of Fe;O, particles formed after laser irradiation on

different scales, d) lattice fringes with d spacing of 0.48 nm corresponding to Fe3O,.

The change of phase from a-Fe,O3 to Fe3O4 was also been studied by Diffuse
Reflectance Spectroscopy (DRS) and the data are shown in Figure 5.6. The dark red
colour of pure Fe,O3; (hematite) can be explained by ligand-to-metal charge transfer
(CT) transition (O* — tyy (Fe**)), which leads to a strong absorption peak (565-575
nm) in the UV range and extending to the visible range. Apart from this the band
related to °A1g—*T,, appears in the range 673-677nm. %4 A|l these bands are
absent in the case of the Fe3O4 sample synthesized after 5SHr laser irradiation which is

because of the strong absorption by black colour Fe3O,.
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Figure 5.6: Diffuse reflectance spectra of bulk a-Fe,03 and the material synthesized

after 5Hr laser irradiation.

90 mins

Figure 5.7: Mdssbauer spectra for a-Fe,O3 after laser irradiation for different time

intervals: 30min, 90min, 180min; showing gradual formation of Fe;O, (blue colour)

from a-Fe;03 (yellow).

Mdossbauer analysis is the most appropriate analysis for iron oxides. Figure
5.7 depicts the Mdossbauer spectra of bulk hematite and the samples obtained after
pulsed laser irradiation for different times (30mins, 90mins and 180mins). These
spectra show that in case of bulk hematite powder all the peaks match well with the a-

Fe,O3 phase and in the other samples irradiated for different time intervals formation
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of Fe3O,4 phase can be clearly seen with increase in the Fe;O,4 peak area and decrease
in the Fe,O; peak area. In the case of 5Hr laser irradiation the Mdossbauer spectra
shows magnetite phase along with a small percentage of hematite (Figure 5.8a).
Figure 5.8b represents the percentage area of hematite and magnetite calculated from
the Mdssbauer spectra vs time, where it is clear that the percentage area of hematite
decreases with time of laser irradiation along with a concurrent increase in the
percentage area of the magnetite. After SHr laser irradiation 87% of magnetite is seen

in the sample along with 13% of hematite.

Velocity (mm /s)
-11 0 +11

—Q—Bulk a-Fe,0,
—Q9—Fe,O,

80+

W a-F0203 60"

W R
| 401

20+
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e
(=]
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0 60 120 180 240 300
Time (min)
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Figure 5.8: a) Modssbauer spectra of the material formed after SHr laser irradiation;
b) Plot of area percentage Vs time for a-Fe;O3, FesO,4 for samples laser irradiated for
different time durations as calculated from Mdssbauer spectra.

After the laser irradiation, the entire black coloured powder is observed to be
highly magnetic hence we also performed magnetization measurements using SQUID
magnetometer. The M-H curves (Figure 5.9) for all the samples show that in the case
of bulk a-Fe O3 no saturation magnetization observed, as expected in view of its
antiferromagnetic nature whereas in the case of 5Hr laser irradiated sample a high
saturation magnetization of 80 emu g™ is observed. Given the known saturation
magnetization of pure magnetite of 92 emu g™, this is consistent with the Méssbauer
result that 87% of the sample is ferromagnetic. In all the other samples irradiated from
30 mins to 3Hr there is a progressive increase in the saturation magnetization

indicating the gradual increase in the magnetic FesO, component at the expense of
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antiferromagnetic a-Fe,O3; powder. The nature of these curves shows ferromagnetic
behaviour with coercivity of about 137 Oe (inset in the figure) representing typical
behaviour of Fe;O,4. Clearly the particles formed are not superparamagnetic and this is
consistent with the size of the particles as seen from the TEM/SEM results.

80 Fe,0, bulk
— After 30mins
) After 1.5Hr
401 st
.
S 0
£
Q
-40-
.80- AL L T -§5(00 83 2000
30000 15000 0 15000 30000

Oe

Figure 5.9: M-H curves for bulk a-Fe;O3, and the materials obtained after laser
irradiation for 30 mins, 1.5 Hr, 3 Hr and 5 Hr ; inset is the magnified vesrion to show

coercivity.

From the above characterizations it can be concluded that commercial bulk a-
Fe,O3 powder gets slowly converted to magnetite (Fe30,4) with laser irradiation in the
presence of NHj solution. The chemical reaction between a-Fe,O3 and aqueous NH3

solution (NH4OH) can be written as follows.

90-Fe,03+ 2NH,OH » 6Fe;04+ No+5H,0
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Figure 5.10: Possible mechansim pathway for the synthesis of Fe3O4 from bulk a-
Fe, 03

When solution suspended bulk o-Fe,O3; powder is subjected to UV laser
pulses, because of the high energy density of laser pulses (20 ns, 5 eV photons )
photothermal melting and vaporization of a-Fe,O3 particle surface layers can easily
occur with very high local temperature (few thousand degrees). During this sequence
of highly non-equilibrium events aqueous ammonium hydroxide can take out oxygen
and form water and nitrogen molecules. This can result into the conversion of a-Fe;O3
to Fe3O4 which would occur over duration of micro-milliseconds though relaxation of
the excited micro-bubble zone through the laser pulse itself ceases in 20 ns. In
solution based laser irradiation, photo thermal melting leads to two types of
phenomena, photofission (photo fragmentation) or photofusion. If the melted state
undergoes photo fission/fragmentation then the particle size will be smaller than the
original whereas if photo fusion occurs then the particle size grows bigger than the
original size. The size reduction takes place because of the vaporization of the
particle. When the temperature of the particle rises to the boiling point, atoms and/or
small particles are ejected through vaporization. This results in the reduction of the
particle size. The amount of the ejected atoms and/or small particles depends on the

absorbed laser energy. But in case of photofusion, the particle size grows to form
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bigger particles. The size growth by photothermal melting process proceeds very
slowly. There are many reports showing that particle aggregation before irradiation is

n.[3%4  Because of Brownian motion of the

an important factor for particle fusio
particles in the solution, the particles attract each other and become aggregated
because of weak repulsive force and attractive dipole-dipole interactions
(hydrodynamic forces) leading to increase in the particle size.’® In this case the
conversion of a-Fe,O3 to Fe3O4 occurs through photofusion process as the particle
size grows bigger and becomes spherical in nature because of minimum surface

energy. The possible mechansim for the formation of Fe3O, is shown in Figure 5.10.

When solution dispersed a-Fe,O3 particles are subjected to pulsed UV laser
irradiation the photon energy gets absorbed quickly and is then transmitted quite
efficiently into the internal modes of the nanoparticles causing immense heating. If
we assume in the first approximation that the incident energy is fully absorbed by the
particle (absorption coefficient a=1), for the case of an average spherical particle of
80 nm diameter the estimated absorbed energy per particle per pulse turns out to be
~1.07x10™* J. Once again assuming that all of this energy is transformed into thermal
energy the temperature rise of a single particle per pulse can be estimated to be >
12000°C (specific heat capacity of a-Fe,Os taken to be to be 669 J/Kg/°C). Even if the
incident energy is partially absorbed and/or there are losses of heat energy to the
ambient via latent heat of vaporization, the crude estimate implies that the matter in
the particle will evaporate very quickly and could also cause some ionization. Since
the particle is suspended in solution the liquid layers in proximity will also evaporate
rapidly causing cavitation or micro-bubble formation. This micro-bubble would then
comprise of atoms, ions and radicals of the matter forming the nanoparticle as well as
the liquid used for suspending the particles. Before the next 20 ns laser pulse strikes
(for 10 Hz repetition frequency, this would be after 100 ms) rapid cooling of the hot
micro-bubble would occur by dissipation of thermal energy to the ambient liquid and
in the process the atoms, ions and radicals in the micro-bubble would react to form a
compound. Continuation of the process over several hours can then transform and re-
transform the whole material into another form and phase as observed. The phase
would of course depend on the nature of the solution. For example, if it is simply

water we get only a-Fe,O3 but with different size and shape. On the other hand in the
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presence of ammonia solution, due to its reducing nature we can get spherical and
larger Fe3O, particles. The observed spherical shapes of the particles in the final
product are a testimony to the presence of vapours in solution which can cause micro-
bubbles for surface energy minimization. The increase in size of the particles implies

fusion of material due to repeated exposure to successive laser pulses.
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Figure 5.11: Cyclic Voltammogram of Li/ Fe3O, half cell recorded between 0.005
and 3V at a scan rate of 0.1 mVs™

Since Fe;04 is the most important transition metal oxide that has been widely
studied as an anode material for Li ion battery (theoretical capacity 924 mAhg™), we
examined the electrochemical properties of the pulsed laser synthesized Fe3O4 as
anode material. Cyclic Voltametry (CV) is the most convenient tool for studying the
charge-discharge behaviour. CV measurements for laser-synthesized Fe3;O4
mesoscopic spheres performed for Li/FesO, half cell at a scan rate of 0.1mv s*
between 0.005 and 3V vs Li are shown in Figure 5.11. Here metallic lithium acts as
both the counter and reference electrode. During the first cathodic reaction one single
peak appears at 0.54 V which corresponds to the reduction of Fe;O4 to Fe® which is
due to the insertion of Li into the FesOy lattice.* Similarly in the first anodic process
two peaks are noted at 1.68 V and 1.84 V which correspond to gradual oxidation of

Fe’ to Fe?* and then to Fe®* to reform the magnetite phase.

The related electrochemical reactions are as given below:
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FesO4 + 2Li"+2e ——» Li, (Fe304)
Lio(Fes04) + 6Li" + 66" —— 3Fe® + 4Li,0
3Fe’ + 4Li,0 «—— Fe30, + 8Li" + 8¢

The intensity of subsequent cathodic peaks decreases substantially because of
the initial irreversible capacity loss. In the further cathodic and anodic cycles, there is
not much change in the peak position and peak intensity which represents low
polarization and high level reversible lithiation and delithiation process. %71

Galvanostatic charge-discharge measurements were also performed in half-
cell assembly (Li/Fe3O,4) between 0.005 and 3V vs. Li at constant current density of
100 mAg™ and these data are shown in Figure 5.12. The initial specific discharge
capacity was found to be 1723 mAhg™ whereas during the second cycle the discharge
capacity decreased to 1100 mAhg™. Such capacity loss (irreversible capacity loss) is

common for most of the transition metal oxides which is due to electrolyte
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Figure 5.12: Typical galvanostatic charge-discharge curves of Li/FesO4 half-cell
cycled between 0.005 and 3V vs. Li at constant current density of 100 mAg ™" in

ambient temperature conditions
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decomposition and formation of solid electrolyte inter-phase layer (SEI).[°®! For the
initial half cycle the discharge voltage drops down to 1.5 V and then gradually drops
further to 0.9 V, then forming a small plateau between 0.8 V and 0.7 V. This plateau

is clearly visible in the second cycle which is a typical characteristic of Fe3O,.

The rate performance of laser-synthesized Fe;0, mesoscopic spheres is shown
in Figure 5.13 which has been performed for different current densities (100 mAg™,
250 mAg™, 500 mAg™, 1 Ag™t and 2 Ag™). A usual decrease in the specific capacity is
observed with increase in the current density. The decrease in reversible capacity is
mainly due to limited participation of active material (mainly the surface) in the
reaction because of high current rate, whereas at a low current density all the surface
as well as the bulk of the material can easily take part in the electrochemical reaction,
thereby enhancing the total specific capacity. At a current density of 100 mAg™ the
discharge capacity was found to be 1100 mAhg™ and it maintained at 530 mAhg™
even at a current density as high as 1Ag™ which is greater than the theoretical
capacity of graphite. After cyclying at a high current density (2 Ag™) when the
current was retained to 250 mAg™ the material shows almost the same reversible

capacity as before which signifies its high rate capability and reversibility.
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Figure 5.13: Plot of capacity vs. cycle number for Li/Fe3;O,4 half-cells cycled between
0.005 and 3V vs. Li at different current densities from 0.1 to 2 Ag™
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Figure 5.14: Cycling profiles of Li/Fe304 half-cells cycled between 0.005 and 3V vs.

Li at constant current density of 100 mAg™ with columbic efficiency.

The cyclic stability of laser-synthesized Fe;O,4, performed at a current density
of 100 mAg™ show specific capacity of 1000 mAhg™ which is stable up to 40 cycles
without any capacity fading (Figure 5.14). This high stability is because of highly
stable Fe;0, structure which allows the reversible lithiation and delithiation. After 40
cycles the capacity of the material is ~1000 mAg™ which is even greater than the
theoretical capacity of Fe3O4 which is mainly due to extra Li storage because of some
faradic reactions taking place at the surafces of Fe30,.! The columbic efficiency is
also found to be very promising (97% ) and maintained upto 40 cycles. Thus, the
novel synthesis of Fe;04 mesoscopic particles using pulsed excimer laser yields an
excellent anode material for Li ion battery with high stability and high coulombic

efficiency.

5.4 Conclusion

In conclusion highly spherical Fe;O,4 particles having size of around ~200 nm
are synthesized from bulk commercial a-Fe,O3 powder by pulsed excimer (UV, 248
nm) laser irradiation of the suspended powder in ammonia (reducing) solution. The
high energy laser pulses ( hv = 5 eV) create extremely high local temperature of
~12000 °C by transient laser heating of particles which melt and evaporate forming a

micro-bubble reaction zone. Dissipation of the energy occurs by micro-bubble
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collapse through new bond formation and phase evolution. The presence of ammonia
helps in the reduction of a-Fe,O3; to Fe3O4. Repeated laser pulses render growth of
bigger particles. In the final product obtained after about 5 Hrs, 87% of Fe;O,4 phase
was found from the Md0ssbauer spectra, which is also consistent with the
magnetization data. Importantly, the laser synthesized Fe;O,4 particles show a high
specific capacity of 1100 mAhg™ at a current density of 100 mAg™. The rate
performance measurements shows high rate capability with high reversibility where
the specific capacity of 530 mAh™ is observed even at a current density as high as
1Ag™. This capacity value is found to be highly stable up to 40 cycles without any
significant capacity fading. The coulombic efficiency of 97% is achieved with high

stability and reversibility.
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Chapter-6

Selectivity Tailoring in Liquid Phase Oxidation of p-cresol over
MWNT-Mn;O,4 Nanocomposite Catalysts

ﬂghly selective multiwall carbon nanotube (MWNT)-Mn3O4 nanocomposite catalyst
was designed for liquid phase oxidation of p-cresol, which gave highest selectivity of
90% to the first step oxidation product, namely, p-hydroxy benzyl alcohol. Mn3O,
nanoparticles and MWNT-Mn3O, nanocomposites were synthesized by co-
precipitation route using mixed precursors under controlled conditions. High-
resolution transmission electron microscopy revealed the selective exposure of (101)
and (001) planes of Mn3O,4 nanoparticles in the MWNT-Mn3O4 composite. From the
cyclic voltammetry study, lowering in oxidizing capacity of MWNT-Mn3O,
nanocomposite was confirmed which was due to incorporation of electron rich
MWNT. Thus, selectivity tuning of the new material (MWNT-Mn3O4 nanocomposite)
was found to be due to alteration in both the geometric as well as electronic

properties. A plausible reaction pathway is proposed involving the predominant role

of nucleophilic lattice oxygen (O%) species due to exposure of particular crystal

\\planes giving highest selectivity to p-hydroxy benzyl alcohol. /
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6.1 Introduction

Catalytic liquid phase oxidation of alkyl groups in substituted phenols is a core
technology in fine chemicals and pharmaceutical industries.'! Therefore developing
new materials by modifying their intrinsic properties has been a continuing effort for
the last two decades.®® The major challenges in developing new catalysts are (i)
stability of the metal function without leaching under oxidation conditions, (ii)
maintaining activity in the presence of antioxidizing substrates like cresols, (iii)
tailoring selectivity to the desired oxidation products, particularly to the first step
oxidation product, and (iv) minimizing reaction time as well as the catalyst
concentration. p-Cresol oxidation is an example of industrial oxidation process which
involves stepwise oxidation to give a mixture of p-hydroxy benzyl alcohol, p-hydroxy
benzaldehyde, and p-hydroxy benzoic acid depending upon the catalyst used and
reaction conditions.2”*'% Among these, both alcohol and aldehyde derivatives are
important intermediates for the manufacture of vanillin (a widely used flavoring
agent), trimethoxy benzaldehyde, various agrochemicals, and pharmaceuticals such as
semisynthetic penicillin, amoxicillin, and the antiemetic drug
trimethobenzamide.[*!**? Efficient catalysts for oxidation reactions mainly involve
oxides of transition metals having capability to form redox couples. In particular, Co-
based catalysts systems and metals such as Cu, Mn supported on molecular sieves,
carbon, resins and vy-Fe,Os; have been extensively studied for this oxidation
reaction.[315:16]
Among different types of catalysts, nanostructured catalysts have shown
higher activity than their bulk counterparts which is observed in case of
nanostructured Coz0,4 catalysts,[”] which could not only be due to the size reduction
(high surface/volume ratio) alone but also due to the modified adsorption
characteristics caused by geometric and electronic effects. Hence the present work
was undertaken to further explore and understand the fundamental aspects of the
nanostructured catalysts that govern their performance, especially their role in
directing the selectivity pattern in a consecutive oxidation reaction. For this purpose,
we synthesized nanostructured Mn3;O, and its composites with multiwalled carbon
nanotube (MWNT) with different degrees of loading and investigated the correlation

between its constitution, structural aspects, and the activity for oxidation of p-
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cresol.l'®  Mn;O, alone has been reported in the context of catalytic oxidation of
methane, carbon monoxide,™™® decomposition of NO and N,0,?>*? deoxygenation of
nitrobenzene,’”®! while MWNT-Mn;O4 nanocomposite has been studied only in the
context of supercapacitor and magnetism applications.**?! To the best our
knowledge, ours is a first report of highly selective MWNT-Mn3O,4 nanocomposite
developed for selective liquid phase oxidation of p-cresol to intermediate p-hydroxy
benzyl alcohol under mild conditions. The selective formation of intermediate p-
hydroxy benzyl alcohol in a sequential oxidation of p-cresol could be attributed to the
alterations in geometric as well as electronic characteristics of MnzO4 by introducing
electron rich rigid material like MWNT. The role of both these aspects has been
studied in detail by high-resolution transmission electron microscopy (HR-TEM), X-
ray Diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy
and cyclic voltametry (CV).

6.2 Experimental
6.2.1 Materials

Manganese acetate tetrahydrate, ethanol and xylene were obtained from
Merck. Oleylamine was taken from Fluka. MWNT was purchased from Aldrich
Chemicals. p-cresol was supplied by Loba Chemie, while sodium hydroxide was
obtained from Merck. MWNT was purchased from Aldrich Chemicals. Analytical

grade and HPLC grade methanol and n-propanol were obtained from Rankem.

6.2.2 Synthesis of Mn3;O, and MWNT-Mn3;O,4 nanocomposites

Nanostructured Mn3O,4 was prepared using Manganese acetate, oleylamine,
xylene and ethanol by co-precipitation method.”®! In order to prepare 3% MWNT-
Mn304 nanocomposite, commercially available MWNT was first functionalized with
HNO;3; and H,SO, in 1:3 ratios. In a typical procedure, 0.24 g of Manganese acetate
and 0.0075 g of functionalized MWNT were properly dispersed in xylene at room
temperature for 30 mins. To this, 4 ml of oleylamine was added and this mixture was
then transferred to a round bottom flask, which was heated, from room temperature to
363 K under stirring. After the temperature reached 363 K, 1 ml H,O was added and
the stirring was continued at this temperature for 3 h. Then the mixture was cooled to

room temperature, and highly dispersed 3% MWNT-Mn3O, nanocomposites was
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made to settle down by the addition of sufficient amount of ethanol. Then the solid
material was isolated by centrifugation. The nanocomposite powder thus obtained was
dried at 333 K for 3 h. The same procedure was followed for the synthesis of other
MWNT-Mn3O4 composites with different degrees of loadings (Ratio of Mn3O, to
MWNT).

6.2.3 Characterization

The synthesized catalyst samples were characterized by X-ray powder
diffraction using Philips X’Pert PRO diffractometer with nickel-filtered Cu K,
radiation, Raman spectroscopy using LabRAM HR800 from JY Horiba, high
resolution transmission electron microscopy (HR-TEM) using IFEI, Tecnai F30, with
300 KV FEG and field-emission scanning electron microscopy (FESEM; Hitachi S-
4200). The surfaces of the catalysts were examined by X-ray photoelectron
spectroscopy (XPS) on a VG scientific ESCA-3000 spectrometer using non-
monochromatized Mg K, radiation (1253.6eV) at a pressure of about 1 x 10 Torr.
The surface area values of all the samples were determined by BET adsorption
method (Quadrasorb automatic volumetric instrument).The percentage metal oxide
loading was obtained by the ICP (Inductive coupled plasma) analysis with Spectro
165 High Resolution ICP-OES Spectrometer (model no-ARCOSFHS12).

6.2.4 Catalytic activity

All the catalytic oxidation reactions were carried out in a 300 cm® capacity
high-pressure Hastelloy reactor supplied by Parr Instruments Co. U.S.A. The reactor
was connected to an air reservoir held at a pressure higher than that of the reactor. A
Hewlett-Packard model 1050 liquid chromatograph equipped with an ultraviolet
detector was used for the analysis. HPLC analysis was performed on a 25 cm RP-18
column supplied by Hewlett-Packard. The products and reactants were detected using
a UV detector at Amax = 223 nm. 35% aqueous methanol was used as mobile phase at a
column temperature of 308 K and a flow rate of 1 ml/min. Samples of 10 pL were

injected into the column using an auto sampler HP 1100.

In a typical experiment, 3g of p-cresol, 4.5 g of NaOH and 70 cm® of n-
propanol were heated in a flask with a reflux condenser until the NaOH dissolved

completely. This reaction mixture was charged to a 300 cm?® par autoclave. Then
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0.02g catalyst was added, and the reaction mixture was heated to 373 K. After the
desired temperature was attained, the reactor was pressurized with 6.5 bar nitrogen
and 2.4 bar oxygen. Then the reaction was started by agitating at 900 rpm. When the
pressure was absorbed, the reactor was again filled by oxygen. This was continued up
to 2 h. The progress of the reaction was monitored by observing the pressure drop in
the reservoir vessel as a function of time. After 2 h the reactor was cooled to room
temperature and the unabsorbed nitrogen gas was vented out. Then the content of the
reactor was discharged and the final volume was noted down. The final samples were
analyzed in HPLC.

6.3 Results and Discussions

3% MWNT- Mn_O, N
"o A

Mn,O, '

Acid Treated MWNT ‘D

3% MWNT - Mn,O, ___/‘\._.\
A
b 1300 1400

Intensity(a.u.)
Intensity (a.u.)
)

500 1000 1500 2000
Raman shift(cm™)

Figure 6.1: (a) XRD spectra of Mn3O4 and 3%MWNT-Mn3O,; inset shows shift of

(211) peak towards lower 26 due to addition of MWNT, (b) Raman spectra of Mn3Oy,,

acid treated MWNT, 3% MWNT-Mn30y4; inset shows broadening of D band.

As shown in Figure 6.1a, the XRD patterns of both Mn;O,4 and 3% MWNT-
Mnz0, nanocomposites are identical with an intense peak at 20 =36° corresponding to
(211) plane. The other peaks of lower intensity are also identical for both the samples
and matches with those of tetragonal hausmannite phase (JCPDS card no. 24-0734).
In both samples, no other peaks corresponding to any impurity phase(s) are seen,
confirming that the product was tetragonal Mn3O,. In order to distinguish Mn3zO,
from y-Mn,O3 which has similar structure and unit cell parameter as that of Mn3O,,
27) our samples were also characterized by other techniques, which are discussed
below. No signature of MWNT is observed in the XRD spectra of MWNT-Mn304

nanocomposite due to low concentration (only a few percent) of MWNT in the
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composite. Also there is a considerable shift in the peaks of MWNT-MnzO,
composites towards lower 20 value as shown in the inset of Figure 6.1a.This shift in
the peak is due to the strain involved during the formation of nano-composites.The
Raman spectra for Mn3O4, MWNT, and MWNT-Mn30O,4 nano-composite are shown in
Figure 6.1 b. A single intense peak at 659 cm™ confirms the highly pure phase of the
synthesized Mn3O.. 8 In the case of the MWNT sample, the two peaks are observed
at 1328 cm™ and 1579 cm™corresponding to D and G bands respectively, which
match well with those reported in the literature. ! In the case of 3% MWNT-MnzO,
nanocomposite sample, distinct peaks corresponding to MWNTS as well as Mn3O, are
observed. The interesting feature of the Raman spectra of MWNT-MnzO,
nanocomposite is the broadening of the Mn3;O4, and MWNT peaks as compared to the
bare Mn3O,4 nanoparticles and MWNT case. The broadening of D band of MWNT is
shown in the inset of Figure 6.1 b. Such a broadening can occur because of two
possibilities viz. (i) strain gradient originating from interface integration during the
formation of MWNT-Mn3;0,4 composite, which involves anchoring of Mn3;O,4 on the
molecular moiety like —COOH due to functionalization of MWNT and/or (ii) slightly
broader particle size distribution which in the present case was in the range of 12-15
nm. This increase in particle size can also be correlated with the inset figure in XRD
spectra which is shown in Figure 6.1a, where the peak is slightly broader in case of
Mn30O,4 than 3% MWNT-Mn3;0,4 nanocomposite. In addition, the nanosized nature of
the material leads to a higher concentration of surface atoms and attendant phonon
softening which can contribute to peak broadening. Such broadening is also reported

in case of TiO,-MWNT nanocomposite.”

X-ray photoelectron spectroscopy is used to determine the surface oxidation
states of all the species present in the bare Mn3O4 nanoparticles and various
percentages of nanocomposites (Figures 6.2a-f). Figure 6.2a and b show the Cls
XPS spectra of pristine MWNT and acid functionalized MWNT, respectively. Please
note the different energy (x-axis) scales on the two figures. In the case of pristine
MWNT the C1s peak can be resolved into two peaks which represent presence of two
distinct chemical states of carbon on the surface of MWNT. The peak at the binding
energy 284.6 eV corresponds to C-C carbon,! and the peak at 286.1 is due to C-O
carbon. Upon acid functionalization of MWNT, the C1s peak structure is seen to be
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modified significantly. After deconvolution it exhibits four contributions for the best
fit. The most resolved peak located at 284.6 eV is once again assigned to the C-C
bonds, while the other three peaks having binding energies 285.4 eV, 286.9 eV and
290.1 eV correspond to carbon in the C-O, carbonyl (C=0) and carboxyl (-COOH)
bonds, respectively.?* %% Emergence of the new contributions clearly signifies

introduction of polar oxygen groups into the surface of MWNT.

284.6(C-C\) Acid Treated MWNT,

C1s

Pristine MWNT 284.6(C-C)
C1s

285.4(C-0)

286.1(C-0) | [ 286.9(C=0) 290.1(COO)

a — b

280 285 290 280 285 290 295
; —— MWNT ! Mn.O,

. C1s ——3% MWNT-Mn_O, anp | — 3% MWNT-MnJQ'
= :
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£ : . :
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Binding Energy (eV)
Figure 6.2 : XPS spectra of (a) C1s spectra of pristine MWNT, (b) C1s spectra of
acid treated MWNT, (c) Comparison of Cls XPS spectra of MWNT, 3% MWNT-
Mn3O4, (d) Comparison of Mn2p spectra for Mn3O4, 3% MWNT-Mn3O4, (€)
Comparison of Ol1s XPS spectra Mn304, 3% MWNT-Mnz04, MWNT, (f) Ol1s spectra
of 3% MWNT-Mnz0,.

The C1s spectra of MWNT-Mn3;0,4 nanocomposite (3% case shown, others at
low concentrations being nominally similar) and MWNT nanoparticles are compared
in Figure 6.2 ¢, which reveal a significant shift towards the higher binding energy in
the case of the nanocomposites. This shift can be attributed to the considerable strain

imparted to the C-C bond configuration of MWNT and the related modification of the
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electronic environment due to the anchoring of Mn3O,4 nanoparticles on the surface of
MWNT. The inset to Figure 6.2c is the enlarged view of the same spectra in the
region of the binding energy from 285 eV to 295 eV. A distinct hump is clearly seen
around 290 eV in the spectrum of MWNT which is due to the carboxylic group on the
surface of MWNT. But this hump is absent in the case of the nanocomposite. This
signifies the attachment of Mn3O, to the carboxylic oxygen present on the surface of
MWNT.

Figure 6.2d shows the comparison of the Mn2p XPS spectra for 3% MWNT-
Mn3;O,4 nanocomposite and bare Mn3O4 nanoparticles. These two spectra are nearly
similar having almost equal binding energy. The peak at a binding energy of 641.7 eV
is due to Mn2p3/2 and the peak at 653.3 eV is assigned to Mn2p1/2. These binding
energy values match with the reported values for MnzO,. (24343

The comparison of Ols spectra for MWNT, bare Mn3O,4, and 3%MWNT-
Mn3O,4 are shown in Figure 6.2e.Comparing all the O1s spectra, it can be seen that
there is a shift in the case of the nanocomposites toward lower binding energy, which
is again due to the strain involved during the formation of composites. The O1s peaks
for the nanocomposites are more similar to the O1s peak of bare Mn3;O,4, which is due
to the uniform dispersion of Mn3O,4 nanoparticles on the surface of MWNT with good
surface coverage. The binding energy for O1s is shown in Figure 6.2 f for the case of
3% MWNT-Mn30,. After deconvolution, the peak shows two contributions. The peak
at a binding energy of 529.8 eV is due to the lattice oxygen and the peak present at
531.8 eV can be attributed to either surface OH groups or other oxygen containing

groups.4

Figure 6.3 a shows HRTEM image of MnzO,, revealing highly faceted
morphology with a nanoparticle size in the range of 8-10 nm (Figure 6.3 a inset). As
shown in Figure 6.3 b-f, MWNT-Mn3O, nanocomposite is again faceted type but
with some degree of elongation along the MWNT length. This could be attributed to
the anisotropic surface diffusion of adsorbed species and the differential role of axis
vs curvature. These nanoparticles are seen to be uniformly dispersed on the MWNT

surface with a size distribution of ~12-15 nm (Figure 6.3c, d). Figure 6.3 e is a
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Figure 6.3: (a) HR-TEM image of Mn3O4; inset is a high magnification image
showing 8-12 nm particles (b-f) HR-TEM image of 3% MWNT-Mn3O,.

section of a Mn3O,4 nanoparticle showing the axial growth in the direction of (101)
with a lattice spacing of 0.48 nm and the other exposed side along the (001) plane.
This was inferred from the inter-plane angle measured directly from the HR-TEM
image. All these HRTEM images of MWNT-Mn3O,4 composites indicate that most of
the exposed sides of Mn3O4 nanoparticles are along two specific planes (101) and
(001).

Sl. No. Materials BET Surface Area (m°g™)
1 Mn3O4 65.89
2 3% MWNT-Mn;O, 20.14
3 MWNT 15

Table 6.1: BET surface area measurements of Mn3zO4, MWNT, 3% MWNT-Mn3O,.

Table 6.1 shows the surface area values for bare Mn3O, and the MWNT-
Mn304 nanocomposites. The surface area of the bare Mn3;O,4 nanoparticles was found
to be 65.8 m”g™, which is seen to decrease substantially (to about 20 m?g™) in the case
of the 3% MWNT-Mn3;O, nanocomposite. This decrease in the surface area of
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nanocomposites could be due to the dispersion of Mn3O,4 on a confined area of the
MWNT matrix. This is also in accordance with the increase in particle size from 8-10
nm to 12-15 nm of bare Mn3O4 and MWNT-Mn3O,4 nanocomposites, respectively.
The surface area of only MWNT was found to be 15 mg™. In the nanocomposite, the
Mn3;O,4 nanoparticles are anchored uniformly on the surface of MWNT, shielding
some portion of the MWNT surface and dominating the m?g™ area estimate, albeit
with somewhat enhanced size (12-15 nm).

The percent loading of metal oxide in the composites was studied by ICP
analysis. The highest metal loading of 88% was observed for the case of 1% MWNT-
Mn3O, catalyst (Figure 6.4). The percent loading slightly decreased from 88 to 86
and 85% for 2 and 3% MWNT cases, respectively. Beyond 3% MWNT case, the
metal oxide loading decreased continuously and significantly to 11% in the case of
10% MWNT, the maximum MWNT concentration examined in this work. The
percent conversion and the selectivity patterns roughly follow similar trend as a
function of nanocomposite composition, except for the 10% case. Also they bear an

interesting nonmonotonic correlation, vis a vis, the metal oxide loading.
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Figure 6.4: Percentage loading of Mn3O,4 from ICP analysis in comparison with

selectivity and conversion.

The percentage selectivity is seen to increase up to 90% in the case of 3%

MWNT-Mn3O,4 and then decreases. This could be explained by the relative degree of
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heterogeneous and homogeneous nucleation of Mn3O,4 nanoparticles. At low MWNT
concentration (e.g., the 1% MWNT-Mn3O, case), due to less concentration of MWNT
it is possible that a fraction of Mn3O, nanoparticles is formed by homogeneous
nucleation and the same is not anchored on MWNT leading to higher performance.
With increasing percent of MWNT to 2 and 3%, more Mn3O,4 nanoparticles would
form on the surface of MWNT and homogeneous nucleation contribution should
decrease (Figure 6.5) leading to increasing conversion and selectivity. For further
increase in MWNT percent (e.g., 4-10%), although all the nanoparticles would form
on the MWNT surface, the exposed MWNT surface containing acid groups would get
exposed more and more, leading to the formation of nonoxidation products. This

would then decrease the selectivity considerably, as observed.

S 'i / 9 .
3% MWNT-Mn;0, 4% MWNT-Mn,;0,

Figure 6.5: Possible homogeneous and heterogeneous nucleation of Mn3O4

nanoparticles in 1% to 4% MWNT-Mn30,4 nanocomposites.

The activity results of bare Mn3O, and MWNT-Mn30,4 nanocomposites for the
oxidation of p-cresol are discussed on the basis of conversion of p-cresol and
selectivity to various products. The % conversion and selectivity were calculated by

using equations (1) and (2) respectively as follows
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Ci—Cst

% Conversion = x100 6.1

%Selectivity = EXIOO 6.2

x
Where C; = initial concentration of p-cresol

Ct = final concentration of p-cresol

C, = concentration of product formed

Cx = concentration of p-cresol consumed

In order to study the product distribution, a few preliminary experiments of p-

cresol oxidation were carried out using MnzO, and MWNT-MnzO4 nanocomposites in
n-propanol solvent under high-pressure conditions. The progress of the reaction was
monitored by liquid phase analysis as a function of time. It was observed that the
initial oxidation product was p-hydroxy benzyl alcohol that undergoes further
oxidation to give p-hydroxy benzaldehyde and p- hydroxyl benzoic acid. Based on

this the reaction pathway of p- cresol oxidation is shown in Scheme 6.1.

OH OH OH OH
Catalyst
0>
CH; CH,OH CHO COOH
-hyd -hyd -
>-cresol p-hydroxy p-hydroxy p-hydroxy
benzyl alcohol benzaldehyde benzoic acid

Scheme 6.1: p- cresol oxidation reaction

Results on catalyst screening for p-cresol oxidation are shown in Figure 6.6.
Bare Mn3O,4 shows 46% conversion of p- cresol and a selectivity of 43% toward p-
hydroxy benzyl alcohol, the remaining constituents being p-hydroxy benzaldehyde
and p-hydroxy benzoic acid. p-cresol conversion decreased to 26 and 35% in the case
of 1 and 2% MWNT-Mn30O4 nanocomposites. In the case of 3%MWNT-Mn30,, the

conversion remains almost same, that is, 36%. But conversion decreases in the case of
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Figure 6.6: Activity Results of the catalysts (Reaction Conditions: Temperature 373
K: Pressure 7.9 bar: Agitation 900 rpm: Catalyst loading 20 mg)

4 and 5%, which was 32 and 23%, respectively. This decrease in p-cresol conversion
for MWNT-Mn3;0,4 composite was not in the proportion to the decrease in surface
area from 65 to 20m?g™ for the change in material from bare MnsO, to MWNT-
Mn3O,4 composite respectively. Nevertheless, the decrease in surface area was
attributed to the dispersion of MnzO, on a confined area of MWNT that also might
restrict the access of substrate molecules to the active sites on the surface of catalyst.
This explanation is supported by a separate oxidation experiment carried out using a
physical mixture of 3% MWNT and Mn3O, in which 42% conversion of p-cresol was
obtained which was very close to that obtained for bare Mn3O,4.This experiment also
showed that the selectivity of p-hydroxy benzyl alcohol is due to the composite

formation only.

It is interesting to note a steep increase in the selectivity to an intermediate
product, p-hydroxy benzyl alcohol up to 90% for both 2 and 3% MWNT-Mn3zO,
composite catalysts as compared to 43% in the case of bare Mn3O,4. p-Cresol
oxidation over a variety of heterogeneous catalysts reported so far has shown mainly
the formation of p-hydroxy benzaldehyde. Thus, the challenging task of obtaining the
highest selectivity up to 90% toward first step oxidation product (p-hydroxy benzyl
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alcohol) was achieved by 3% MWNT-Mn3O, nanocomposites. The critical role of

addition of MWNT on the selectivity pattern is discussed in detail below.

Figure 6.7: Crystal structure of (a) Normal spinel Mn3Oy4, (b) (001) plane of Mn3O,
spinel showing only Mn®*, (c) (101) plane of Mn3O, showing both Mn** and Mn®*

In the case of the MWNT-Mn3;0,4 nanocomposites, selective exposure of two
planes (101) and (001) of Mn3O4 was observed due to the structured support unlike
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the case of bare Mn3O, where several planes can be exposed to the substrate
molecules. Such correlations between the exposure of selective planes and catalytic

activity have been reported.*"

Figure 6.7a represents the crystal structure of MnzO4, which corresponds to a
normal spinel structure with Mn?* andMn®" in tetrahedral and octahedral sites,
respectively. The selectively exposed planes (001) and (101) appear as shown in
Figure 6.7b,c, respectively, which clearly indicate that the (001) plane contains only
Mn®" species and the (101) is composed of a mixture of Mn®** and Mn®" species.
Between Mn®*" and Mn?* species, Mn** is active for oxidation of p-cresol, because of
its ability to be reduced to Mn?* thus forming a redox couple (Mn** to Mn?"). A
plausible mechanistic pathway for p-cresol oxidation over MWNT-Mn3O4 composite
is shown in Figure 6.8. This oxidation pathway is proposed considering the role of
lattice oxygen as a primary oxidant in the oxidation process. ***As shown in
Figure 6.8, the first step involves the adsorption of p-cresol molecule on the Mn**
sites followed by C-H bond polarization.[* Formation of C-O bond takes place by the
abstraction of one of the lattice oxygen associated with Mn**, which in turn gets
reduced to Mn?* as shown in the second step. The lattice oxygen vacancy created on
the Mn®" site is compensated by the neighboring Mn®* atom. Concurrently, the
electron produced at the Mn®" center is transferred to the neighboring Mn?* site. The
molecular oxygen is adsorbed on the vacant Mn?* site and it gets converted to lattice
oxygen to replenish the oxygen loss.'*®! The last step involves desorption of p-
hydroxy benzyl alcohol leading to the regeneration of catalyst, and another p-cresol
molecule gets adsorbed and the cycle is repeated. Thus, Mn?* and Mn** maintain a
catalytic redox cycle for the conversion of molecular oxygen to lattice oxygen (O%)
and hence the reoxidation of active centers (Mn®") takes place. Apart from the
nucleophilic lattice oxygen species O%, some other reactive electrophilic oxygen
species such as O” and O% are also formed from the molecular oxygen.**! However, it
is considered that the formation of nucleophilic lattice oxygen species on the surface
are responsible for selective oxidation, while the electrophilic oxygen species are
considered as strong oxidants leading to deep oxidation products. In the case of the
MWNT-Mn3O4 nanocomposite, the formation of lattice oxygen species may be more

favored than the formation of electrophilic oxygen species due to the selective
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exposure of planes. This would lead to the oxidation of p-cresol primarily to p-
hydroxy benzyl alcohol preventing the formation of subsequent oxidation products
such as p-hydroxy benzaldehyde and p-hydroxy benzoic acid.

‘ Mn2+
3+
OH @ Mn
Adsorption ‘ Lattice oxygen OH
Qesol OH ’ Molecular oxygen
Abstraction of
HCH lattice oxygen and
H vacancy filling by C-H
H C H neighboring Mn2*

—_—

Desorption of
p-hydroxy benzylalcohol
and conversion of
molecular oxygen to

lattice oxygen

Adsorption OH

of p-cresol
2e- H-C-OH
H

Regeneration
of catalyst

s~

Figure 6.8: Possible mechanism pathway of oxidation of p-cresol to p-hydroxy benzyl

alcohol.
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Figure 6.9: Cyclic Voltametry measurements of acid treated MWNT, Mn3O4 and 3%
MWNT-Mnz04

The selective formation of intermediate p-hydroxy benzyl alcohol can be also
explained by comparing redox potential profiles of various catalysts obtained by CV
measurements. For this purpose, CV measurements were performed at a scan rate of
50 mV s for the acid-treated MWNT, Mn3O, nanoparticles, and 3% MWNT-Mn3O4
nanocomposite samples over the potential range of 1.6 to -0.2 V with standard
hydrogen electrode (SHE) and 2M aqueous KCI solution. Figure 6.9 shows the plots
of current density versus potential for all the above cases. Since MWNT did not show
any oxidation activity (Figure 6.6) as expected, no oxidation or reduction peaks were
observed. However, Mn30O, nanoparticles and 3% MWNT-Mn3O, nanocomposite
showed clearly the presence of oxidation and reduction peaks (blue and green
respectively, Figure 6.9). In both cases, the first anodic peak in the low potential
region could be assigned to the oxidation of Mn?* to Mn®*, while the second one to
the oxidation of Mn®* to Mn**. Similarly, the cathodic peak present at higher potential
could be assigned to the reduction of Mn** to Mn®*" and the second one to the
reduction of Mn** to Mn?*. Comparison of the reduction peaks of MnsO,
nanoparticles and 3% MWNT-Mn3;O,4 nanocomposite, showed a clear and substantial
shift (~200 mV) toward higher potential values for 3% MWNT-Mn3;O,
nanocomposite. Reduction peak indicates the oxygen reduction ability hence; higher
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the potential value higher is the oxygen reduction ability, that is, lesser oxidizing
ability. Thus lesser oxidizing ability of 3% MWNT-Mn3;O, composite than that of
Mn30y4 is quiet evident from their CV profiles. Similar study has been reported in the
case of iron nitride-doped carbon nanofibers.**! From this discussion, it can be
inferred that Mn3O,4 nanoparticles show higher oxidizing ability than that of MWNT-
Mn3;0O,4 nanocomposite, which results into deep oxidation giving a mixture of all the
sequential oxidation products. Therefore, an electron rich system such as MWNT was
deliberately introduced in the present composite to increase the electron density on
Mn3O, that restricts the oxidizing ability of the MWNT-Mn3O4 nanocomposite to
achieve highest selectivity to p-hydroxy benzyl alcohol.

The selective formation of p-hydroxy benzyl alcohol (90%) could also be well
correlated with the experimental observation that the moles of oxygen consumed for
the p-cresol oxidation over MWNT-Mn3O, nanocomposites are lower (0.026 mols)
than those consumed over bare Mn3O,4 (0.034 mols for 43% selectivity to alcohol and
remaining aldehyde and acid) under identical conditions. With an increase in MWNT
concentration from 4 to 10%, not only the selectivity to p-hydroxy benzyl alcohol is
seen to decrease but also no other sequential oxidation product formation such as
aldehyde and acid is noted. Instead other byproduct formation is observed. Similar
product distribution was also observed for the case of only acid-treated MWNT where
mainly other byproduct formation was observed without any significant conversion to
well-defined sequential oxidation products. The decrease in selectivity in the case of
4, 5, and 10% MWNT nanocomposites can thus be attributed to the decrease in the

percentage of Mn3O,4 loading.

In order to study the stability of our catalysts, the recycling experiments were
carried out in the following way: after the first oxidation run with the fresh 3%
MWNT-Mn3O4 nanocomposite catalyst, it was filtered out and dried in an oven at 373
K for 3 h and was recharged to the reactor for the subsequent run. The procedure was
followed for two subsequent oxidation experiments, and the results are shown in

Figure 6.10. The catalyst was found to retain its activity even after second recycle.
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Also no leached component of the catalyst was found in the solution under the

reaction conditions which is confirmed by its characterization.

/’J
90 -
/{J

N 1stcycle

2nd cycle

% Conversion % Selectivity of PHBAIlc

Figure 5.5: Catalyst recycling results of 3% MWNT-Mn30,.

6.4 Conclusion

The nanocomposites of Mn3;0; -MWNT (% MWNT between 0-10%)
synthesized by co-precipitation route, show an excellent activity for liquid phase
oxidation of p-cresol. It is clear from CV analysis that introduction of an electron rich
system such as MWNT increases the electron density over Mn3O, that could control
the deep oxidation ability resulting in highest selectivity toward the first step
oxidation product, namely p-hydroxy benzyl alcohol. Also HRTEM results reveal the
exposure of particular crystal planes (101, 001) of Mn3O,4 in the case of the
nanocomposite that favor the formation of nucleophilic lattice oxygen (O?) species
responsible for the highest selectivity of 90% to p-hydroxy benzyl alcohol. This is
dramatically higher than that observed for the bare Mn3;O4 nanoparticles (43%). The
catalyst was recycled twice with retention of its activity. No leached components of
the catalyst were found in solution under the reaction conditions of the present work.
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Chapter-7

Summary and Future Scope

(

\_

This chapter presents a summary of the work with concluding remarks for the
research performed and reported in this thesis and then lays out the future scope

pertaining to this work.

N
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7.1 Summary of the thesis

A decade ago nanoscience was a curiosity-driven field focusing on diverse
ways to synthesize nanoparticles and studies of their physical and chemical properties.
With enhanced understanding and ability to manipulate and control nanosynthesis on
a large scale, emphasis is now being laid upon novel applications of such systems
emanating from their unique set of physical and chemical properties. Amongst the
most investigated nanosystems are semiconductor quantum dots, noble metals and
functional metal oxides. The work on metal oxides has witnessed considerable
upsurge during the past few years with fields such as solar energy conversion, solar
water splitting, photo-catalysis etc. acquiring centre stage. Another major
development of the past decade has been the progress in the field of functional carbon
materials, in particular, the low dimensional carbon systems such as fullerenes, CNTSs,

and graphene.

In the research work presented in this thesis we have attempted to bridge these
two separately developing, interesting and key disciplines of science (namely, metal
oxide nanomaterials and functional carbon) to explore newer application domains in
the field of energy and environment. One of the main features of our efforts is the
development of facile yet novel synthesis routes for functional carbon as well as
specific transition metal oxides and explorations of their applications-driven fruitful
integration. The current research work deals with various methods developed to
obtain various forms of functional (high surface area and/or high conductivity)
carbons and carbon-transition metal oxide nanocomposites, and their thorough
characterizations using a wide variety of techniques. Apart from the novel synthesis
methods the major part of this thesis is devoted to the discussion of various
applications of current interest based on the new nanocomposites synthesized in this
work. These applications cover important current areas such as energy storage, water

splitting for hydrogen generation, catalysis, water purification etc.
The summary of the work done is as follows:

1. High surface area functional microporous conducting carbon materials are
synthesized easily by pyrolysis of plant dead leaves such as Neem and Ashoka

(dry waste, ground powder) without any activation and are studied for
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supercapacitor application. The comparison between the Neem and Ashoka
leaves shows the importance of the constitution and composition of the bio-
source in the nature of carbon formed and its properties. The synthesized
functional carbon exhibits a very high specific capacitance of 400 Fg™ and
enengy density of 55 Wh kg™ at a current density of 0.5 Ag™ in aqueous 1M
H,SO4. Both the high conductivity and the microporosity realized in the
carboneous materials are key to the high energy supercapacitor application. In
an organic electrolyte the material shows a specific capacitance of 88 Fg™ at a
current density of 2 Ag™. In Li ion hybrid electrochemical capacitor
configuration with LisTisO1, a capacity value of 32 mAhg™and a specific
capacitance of 72 Fg™' are realized which are comparable to the case of
commercially used activated carbon system. Clearly, the Neem derived carbon

is highly useful electrode material for supercapacitor applications.

2. Highly conducting functional conducting cloth is synthesized by pyrolysis of
cellulose fabric. It is examined as an anode electrode in the alkaline
electrolysis process for water splitting and hydrogen generation. The
efficiency of carbon cloth as anode is compared with other conventionally
used anode materials such as graphite and platinum. It is observed that in the
case of the carbon cloth anode sub-threshold (<< 1.23V) hydrogen generation
occurs which reduces the demand on overall electrical energy for the water
splitting process. The sub-threshold hydrogen generation at 0.2V in the two
electrode system is attributed to the turbostratic nature (nanoscale graphene-
like units disorderly stacked together) of the carbon cloth obtained by
relatively low temperature graphitization. Such turbostratic carbon provides
plenty of defects sites for slow oxidation in 1M NaOH electrolyte.
Interestingly at super-threshold potential, along with the high quantity of
hydrogen generation because of high potential, the oxidized carbon begins to
get exfoliated from the cloth surface in the form of carbon quantum dots (6-8
nm) which show bright blue fluorescence under UV light. The mechanism of
the sub-threshold hydrogen generation and super-threshold carbon quantum

dot formation are investigated and discussed.
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3. Spherical mesoscale morphology of FesO,4 particles having size of around
~200 nm is realized from commercial bulk a-Fe,O3 powder by pulsed excimer
(UV, 248 nm) laser irradiation of the suspended powder in ammonia
(reducing) solution. The high energy laser pulses (hv = 5 eV) create an
extremely high local temperature of ~12000°C at the suspended particle site
by transient laser heating of particles and it allows the particles to melt and
evaporate forming a micro-bubble reaction zone. The presence of ammonia
helps in the reduction of a-Fe,O; to FesOs. The laser synthesized Fe;O,
particles show a high specific capacity of 1100 mAhg™ at a current density of
100 mAg™. The rate performance measurements show high rate capability
with high reversibility where the specific capacity of 530 mAh™ is observed
even at a current density as high as 1Ag™. This capacity value is found to be
highly stable up to 40 cycles without any significant capacity fading. The

columbic efficiency of 97% is achieved with high stability and reversibility.

4. MWNT-Mn3O4 nano-composite catalyst is synthesized by co-precipitation
method and verified for liquid phase oxidation of p-cresol, which gives the
highest selectivity of 90% to the first step oxidation product, p-hydroxy benzyl
alcohol. Introduction of an electron rich system such as MWNT increases the
electron density over Mn3zO, which controls the deep oxidation ability
resulting in highest selectivity towards the first step oxidation product i.e. p-
hydroxy benzyl alcohol. A plausible reaction pathway is proposed involving
predominant role of nucleophilic lattice oxygen (O%) species due to exposure
of particular crystal planes giving highest selectivity to p-hydroxy benzyl
alcohol.

7.2 Scope for future work

Today in the 21% century, despite vast research being done by the enlightened
scientific community around the world, no practically viable and sustainable solutions
have emerged for the energy crisis faced by the world. The crisis emanates from the
careless and indiscriminate use of conventional fuels which cause great and almost

irreparable harm to our environment. Hence an enhanced attention to renewable forms
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of energy is the need of the day. However these desirable forms of energy also face
dual challenges of efficient energy conversion and high density (energy and power)

storage

In resolving some of these challenges two aspects have to be taken care of.
One is that the materials used should overcome the cost and efficiency challenges and
second there should be efficient energy storage devices capable of long term stability.
Keeping these aspects in mind, a few possible points pertaining to the possible future

work based on the outcome of current thesis work are as follows:

1. As electrolysis of water is a highly efficient process for the energy conversion
from electrical to chemical energy, the manipulation of electrode materials in
terms of cost and efficiency is important for efficient hydrogen generation.
Since we have already successfully demonstrated the use of carbon materials
as electrode in alkaline electrolysis process with high efficiency on the
laboratory scale, the manipulation and engineering of these materials for

elevating them to the technology level is the next logical step of our research.

2. By engineering various forms of carbon materials with photoactive molecules
the cost of the electrolysis process can be further minimized by replacing a
part of electrical energy with solar power, resulting in the increase in the

efficiency of the whole process.

3. Apart from energy conversion, focus should also be placed on energy storage
devices such as battery and supercapacitors. To achieve both promising energy
density for long term use and power density for burst of energy we need to
design the device which can store high energy and can deliver that energy
when required efficiently for long time. Integration of battery and
supercapacitor concepts in a single device can fulfil these criteria. Hence
designing of these types of hybrid devices by manipulating the properties of
both the electric double layer type material such as functional carbon and
battery type material such as metal oxides is essential to harness the benefits

of both these materials.
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4. As high energy density is a limitation in the case of a supercapacitor and high
power density in the case of battery, we need to new ideas in terms of
materials and architectures to overcome these limitations. Hence efforts are
needed to design suitable electrode materials for both these cases to achieve
and optimize the desired material properties such as porosity (micro and meso
pores), high surface area, high conductivity etc. These factors need to be
optimized together not in individually because the performance of the material

depends on all these parameters together.

5. Electrode materials such as carbon aerogels and their nanocomposites can be
engineered and used for supercapacitor applications. One challenge is to make
such speciality carbons with inexpensive precursors and processing
methodologies.

6. Along with the electrode materials electrolytes also play a crucial role in the
performance of supercapacitor. The effect of several electrolytes such as
polymer gel electrolytes, organic and aqueous electrolytes on the
supercapacitor performance can be studied and optimized to improve the

performance.

7. Inthe case of Li ion battery there are several challenges to be addressed. One
of the major challenges is the reaction of the cathode material with the
electrolyte in the case of the high-voltage layered, spinel and olivine cathodes.
To overcome this problem surface modification of cathode material is

necessary.

8. Another disadvantage in the case of Li ion battery is the huge volume with the
high-capacity alloy anodes which affects the capacity and cyclic stability. Use
of nano-engineered active-inactive composites could improve the volume

expansion and offer better cycle life.

9. Design and development of high-voltage electrolytes with a wide

electrochemical window such as 0-5.3 V vs Li/Li* which would be compatible
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with both the cathode and the anode will have considerable positive impact on
the field of Li ion battery.
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Appendix

Nanoparticle-loaded multifunctional natural seed gel-bits for efficient

water purification

In this work we demonstrate the use of natural seed based hydrogel bits as robust,
recoverable and recyclable support for multipurpose water purification application.
We show that the inexpensive and easily available natural seeds Sabja (Ocimum
basilicum), which can absorb water to about 30 times their weight can be easily
loaded with nanoparticles of functional metal oxides such as visible light photo-
catalyst N-doped TiO, or magnetite (FesO,) for effective multiple water purification
objectives such as efficient photocatalytic degradation of toxins or bacteria, heavy
metal ion (As®*, Cr®*, Pb®*, Cd**) removal or simple particulate filtering. Indeed,
innovative nanoparticle loading strategy can be used to load organic and inorganic
materials concurrently, sequentially or simultaneously on the gel bits while they swell
in the process of water absorption. Interestingly the gel bits maintain their individual
identity without agglomeration or fusing, and given their swollen size of about few
millimetres they can be easily separated out by simple cloth or millimetre scale
filtering. This alleviates the difficulties associated with separating nanoparticles
dispersed in the media directly for photocatalytic or other purification purposes. With

magnetic nanoparticle co-loading they can also be separated out by magnetic field,

which can be beneficial in situations wherein filtering may not be an easy option.

% %K% Water Purification %
G0 %& o

Heavy metal removal Antibacterial Activity

Sabja seeds soaked in water N doped TiO, coated Seeds

A4

\\‘

Heavy metal removal Dye Degradation

Fe;0, coated seed in water Dry Sabja seeds Fe;0,-TiO, coated Seed Gel
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A.1 Introduction

Amongst the top ten challenges facing the world today, water is clearly a major
one that needs urgent attention. Availability of pure drinking water that is free of
toxins, heavy metal ions and bio-organisms is a critical need of the large population in
the developing countries. Importantly the solutions that have to be sought must

necessarily be inexpensive.

Water pollution can occur due to several reasons and these causes contribute
different pollutant types to the water system. With the rapidly growing industrial
sector, water gets polluted routinely by the industrial waste products which are then
directly drained to the water resources. Such waste is mainly composed of organic
pollutants and heavy metal ions which make the drinking water non-potable. Metal
pollution has severe harmful effects on biological systems. The main culprits in this
respect, especially for human health, are arsenic, cadmium, mercury and lead ions and
they adversely and seriously affect different biological functions of the human body.™
1 Apart from these heavy metals organic pollutants such as dyes are also toxic for

environments and humans, and are known to affect the central nervous system.

Various approaches are being pursued to address and eliminate water pollution.
These involve development of methods for water remediation such as chemical
precipitation, ion exchange, resins, cementation, microbial reduction, electrodialysis
and with several adsorbents like sunflower stalks, maize cob and husk, activated
carbon etc.®1 But these methods require several process steps for purification and
separation of adsorbents from water. Bioremediation is also of considerable current
interest for the removal of heavy metal wastes from water. Amongst the newer studies
of interest in this respect nanotechnology is gaining considerable ground in view of
the unique properties possessed by nanoparticles emanating from quantum effects and
large surface to volume ratio. Importantly, these properties can be greatly tuned by
controlling the nanoparticle size, shape and surface functionalization. Although these
attributes allow great flexibility in engineering the functionality of the resultant
materials for particular application goals such as water purification, the engagement
of the nanosystem with a resource such as water brings in additional questions

pertaining to nano-hazards, in the context of portability or use in agriculture. This is
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because removal of dispensed nanomaterials in the water system for purposes of
purification after their use is a non-trivial matter. Therefore, on one hand emphasis
has to be laid on biocompatibility of nanocatalysts, and on the other, ways are needed

to support the nanocatalysts on robust and recoverable hosts/matrices.

In this work we present a simple yet novel way to collectively address several of
these problems based on mostly mechanistic concepts built around the natural seed
system Ocimum basilicum (Indian name Sabja).l*®! Basil is a member of genus
Osmium. It is available worldwide and is mostly found in the tropical region of Asia,
Africa and central and south America.'” Basil is cultivated in Iran and is used as
Pharmaceutical plant in high quantity. It is a well known source of flavouring
principle and is also used in medicines to treat ulcer and diarrhoea. ”! Basil seeds are
also used in beverages in many parts of the Asia and Iran. There are many reports
where it has been used for extraction of essential oil and gum.*?? People have also
used basil seeds for the synthesis of nanoparticles. ! When the seed is soaked in
water, the swells into a gelatinous mass outside with an inside hard black core due to
the presence of a polysaccharide layer. ! We demonstrate that these natural seeds
which quickly form gel-bits by absorbing water to an extent of almost 30 times of
their weight through swelling provide a facile, interactive, versatile, robust, and
recoverable support system for nanocatalysts. We specifically demonstrate the diverse
applicability and versatility of the concept for water purification for a) degradation of
organic dyes (Methylene blue) by UV and visible light induced photocatalytic
decomposition accomplished by loading of TiO, or N doped TiO, nanoparticles, 252!
respectively, b) efficient removal of heavy metal ions by adsorption by FezO,

nanoparticles (known for heavy ion removal) %4

loaded on seed gel-bits, and c)
elimination of bacterial pollution (E coli) by photocatalysis. There is one report where
these seeds have been used for Cr removal from water, % but to our knowledge there
are no reports on nanoparticles loaded seeds used for water purification. We have also
shown that concurrent loading of Fe;O,4 (inside region of swollen seed) and TiO;
(outside region) can be easily implemented for performing multiple functions
including magnetic recovery after the process completion. While on a small scale
even simple filtering through a wire mesh is possible in view of the few mm size of

the swollen seeds, on a large scale a magnet is clearly more useful for recovery.
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Finally we have also demonstrated the use of the seed mass as particle size separator
using dynamic light scattering studies. It can be easily seen that the concepts
discussed here can be applied to other technological or agricultural applications
wherein nano or micro- particulate catalysts are needed to be held in a soft yet robust
and easily recoverable support. Importantly, the seeds are easily available is large

quantities at extremely low cost.

Figure A.1: SEM images of Sabja (Ocimum basilicum) seed after swelling in water
and Fe3O,4 coated seed; a and b) SEM images taken by drying the swollen bare seed
and Fe3O4 coated seed respectively. C and d) SEM images taken for bare swollen

seed and Fe30, coated seed in presence of water respectively (not dried).

The natural seeds named Ocimum basilicum swell significantly in the presence
of water and concurrently absorb a high content of functional nanomaterials and/or
molecules dispersed or dissolved in water due to their highly mesoporous internal
constitution evolving in the swelling process. Figure A.la and b show the SEM
images of bare swollen seed and Fe3O, coated seed on the same scale after drying.
The latter clearly shows substantial and dense loading of Fe3;O4 nanoparticles
incorporated in the seed gel. Due to full collapse upon drying the particles are
aggregated. Figure A.1c and d show the SEM images of both Sabja seed and Fe3O4

Mandakini Biswal 196 University of Pune



Ph.D. Thesis | Chemistry Appendix Aug 2013

coated seed but without full drying of water and these reveal the empty and filled
porous structures in the gel. The Environmental SEM images of the unloaded and
Fe30,4 loaded seeds in the presence of water (without even partial drying) are given in
Figure A.2a-d. Basically these data bring out that copious amounts of nanoparticles

can be loaded into the internal microporous cavities of the gel during its swelling.

Figure A.2: Environmental SEM images of (a and b) water soaked Sabja seed; (c and
d) Fe3O,4 loaded Sabja seed in presence of water.

A.2 Experimental
A.2.1 Synthesis of Fe3O4 nanoparticles

8-10 nm Fe304 nanoparticles were synthesized by polyol method. 3g of Iron
(1) acetyl acetonate was dissolved in 100 ml of triethylene glycol (TG).Then this
solution was heated in an oil bath along with a condenser fitted to it with continuous
stirring. Initially the temperature was increased slowly to 280°C in 2Hr and after
reaching 280°C, it was allowed to remain stable at this temperature for 30 mins. After
the reaction was complete the solution was allowed to cool to room temperature and
the product was recovered by several time centrifugations with ethanol. Then the

product was dried and characterized thoroughly by several techniques.
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A.2.2 Synthesis of TiO, and N: TiO, nanoparticles

TiO, nanoparticles were synthesized by sol-gel technique. 5 ml Titanium
Isopropoxide solution was added to 30 ml of ethanol in a round bottom flask. Then in
another beaker hydrolysis mixture of 8 ml of ethanol, 2 ml of water and 2-3 drops of
HNO3; were mixed thoroughly and added drop-wise to the above mixture. This sol
was then poured into a petri-dish. After some time the sol got slowly converted into a
gel. This gel was then dried and crushed to make fine powder which was subjected to
annealing treatment at 300°C for 2 Hrs to get TiO, nanoparticles. To obtain Nitrogen
doped TiO, nanoparticles for which the optical absorption is shifted to the visible
region allowing visible light (or solar) photocatalysis, the same protocol as above was
followed but with addition of an appropriate amount of NH,OH.HCI in the hydrolysis
mixture. It was added drop wise and slowly with stirring. This xerogel is also clear
and transparent, but is yellow in colour, which after crushing and calcination at 400°C

for 2 hrs gives mildly yellow coloured powder.

A.2.3 Separate loading of Fe;O4, TiO;, or N: TiO; into the swelling natural seeds
For the loading of individual nanoparticles such as FezO4, TiO,, N: TiOy, a
specific quantity (50 mg) of nanoparticles was dispersed in 100 ml of water. The
above solution was sonicated for 15 mins for uniform dispersion of the nanoprticles.
To this dispersion 500 mg of sabja seeds were added, stirred well and allowed to swell
for 30 mins. After complete swelling of the seeds in the presence of nanoparticles the
rest of the solution was decanted and the seeds loaded with nanoparticles were

washed thoroughly to remove the free nanoparticles.

A.2.4 Sequential Coating of Fe3O,4-TiO; into the swelling natural seeds

In an interesting case, we also performed sequential loading of Fe;04 and TiO,
(or N doped TiO;) nanoparticles. For this purpose, during the loading of Fe3O4
nanoparticle less quantity of water was used so as not to allow full swelling of the
seeds. These partially swollen Fe3;O,4 coated seeds were then added to TiO, or N:TiO;
nanoparticle solution for core shell type of seed loading. In this experiment 50 mg of
Fe304 nanoparticles were well dispersed in 20 ml of water by sonication. Then 500
mg of natural seeds were added to this dispersion and stirred to get uniform loading of

Fe3O,4 on the swelling seed gel. Once the seeds were coated uniformly with Fe3Oy,,
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they were washed several times to get rid of the rest of the solution containing Fe3O,.
In another beaker 50 mg of TiO, (or N: TiOy) nanoparticles were dispersed
thoroughly and the above seeds (already partially loaded with Fe3;O,4) were added to
the suspension containing TiO, (or N: TiO,). These seeds were allowed to stir for 30
mins for achieving uniform coating of titania nanoparticles. Then this suspension was
washed again and finally the dual-loaded seeds were dispersed in 50 ml of water. The
seeds loaded with Fe;04 and TiO, (or N: TiO,) were magnetic, as expected, and could
be easily separated from the solution by a magnet. The schematic of the process is

shown in Scheme A.1.

Soaked in water % Sabja seeds soaked in water

Aqueous Fe;O, ., . Aqueous TiO,
dispersion 35 % dispersion
> : %

—

Limited water

Dry Sabja seeds Fe;0, coated seed Gel in water Fe;0,-TiO, coated Seed Gel

Scheme A.1: Coating of nanoparticle on Sabja seed gel bits

A.2.5 Photocatalysis experiments

All the pholtocatalysis experiments were carried out with 10° M methylene blue
dye, this dye being used as a representative case. 300mg of Fe3O4-TiO, coated seeds
was added to 100 ml of 10° M methylene blue solution in 200 ml quartz beaker. This
beaker was then kept under UV lamp (400 watts, light intensity at catalyst-dispersed
liquid surface adjusted to ~ 6mW/cm?) with constant stirring. UV-Vis spectra were
measured for each sample at time intervals of 30 mins. For Fe3O4/N-doped TiO,
coated seeds, visible light photocatalysis was carried out by the similar procedure but
with a visible light lamp (70 watts, light intensity at catalyst-dispersed liquid surface

adjusted to ~ 6mW/cm?). The power densities of the UV and Visible sources and

Mandakini Biswal 199 University of Pune



Ph.D. Thesis | Chemistry Appendix Aug 2013

lamp geometry/placements (distances etc.) were adjusted to give comparable power
densities at the liquid surface with dispersed catalyst. Degradation of methylene blue

was studied again with UV/Vis spectra.

A.2.6 Photocatalytic treatment of E-Coli (Antimicrobial assay)

The antimicrobial activity of N-doped TiO, decorated seeds (Ocimum
Bascilicum) in the presence of white light was tested on a gram negative organism,
Escherichia coli (ATCC 10536, gram negative rods). White light was used as a light
source (BmW/cm?). Agar plate method was used to study the bactericidal activity of
the particles. Preinoculum of E.coli was inoculated in 10 ml of Luria Bertani medium
and incubated at 37°C for overnight at 200 rpm. The culture obtained (108 cfu/ml) was
serially diluted to 10* cfu/ml. Two tubes containing 0.85% saline were inoculated
with 10%cfu/ml. One of the tubes was added with N doped-TiO, decorated seeds and
both the tubes were kept on incubation at 37°C at 200 rpm for 8 hrs in the presence of
white light which was kept at a distance of 15cm from the sample. Aliquots of 50 pl
were taken from each of the tubes at regular interval of time (0, 2, 4, 8 hrs) and plated
on agar plate. These plates were then incubated at 37 °C for 24 hrs. The colonies were

then counted and the percentage of bacterial cell survival was calculated.

A.2.7Heavy metal removal from water: Non competitive and competitive

adsorption

Each of the heavy metal ion types was used separately with unloaded seeds and
Fe304-loaded seeds for non-compititive adsorption study implying absence of any
other ions in the medium. A specific amount As,03, K;Cr,O7 , PbCl, and CdCl, was
dissolved separately in 1L of water to make 1 ppm, 5ppm, 20 ppm, 30 ppm and 50
ppm solutions, and the pH of the solutions was maintained to be 2 by adding few
drops of 0.5M HNOs. A few ml solutions of the initial samples were taken out before
adding the seeds to know the initial concentration of these ions. Identical
concentrations of different solutions were ensured by using a single stock and 1 g
amount of either unloaded seeds or Fe;O, loaded seeds was added to it, separately.
These solutions were allowed to stir for different time interval (15mins, 30mins,
45mins, 60mins, 90mins, 120mins) to study the rate of adsorption. After the specified

time intervals samples were taken out and heavy metal ion concentration was
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determined by inductively coupled plasma optical emission spectroscopy (ICP-OES)
analysis in both the initial and final samples. For competitive adsorption study all the

heavy metal ions were used simultaneously.

A.3 Results and Discussions

Figure A.3a shows the original Ocimum basilicum black seeds which swell
fairly quickly (10-15 mins) when soaked in water (Figure A.3b). The weight gain by
the seed is almost a factor of 30. After complete swelling these seeds have buoyancy

in water (since the content is mostly water) which enables them to disperse and move

Soaked in water

Dry Seeds Seed Soaked in water

Figure A.3: Picture of Sabja (Ocimum basilicum) seeds and seeds soaked in water

around easily. Interestingly these swollen seeds maintain their identity in water and do
not fuse; hence they can be termed as gel-bits. Due to their high absorbing power for
water and natural gel-mesoporosity these seeds can take in any organic/polymeric
molecules or inorganic particulates that may be dispersed or dissolved in water
allowing facile molecular or nano (or micro) particle loading on the seeds during the

course of their swelling.

We first discuss the results of the experiments of UV (or visible) light
photocatalysis on sequentially Fe;O, and TiO, (N:TiO,) loaded seeds. In these
experiments 10°M methylene blue (MB) dye solution was stirred with the
nanoparticle loaded seeds under UV (or visible) light illumination and the degradation
of the dye was examined. Figure A.4 shows the picture of fresh Fe;O, loaded seeds
and the same after 5 cycles which still appear robust and fresh. The results of UV

photocatalytic dye degradation of methylene blue with fresh Fe;O,4-TiO, coated seeds
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are shown in Figure A.5a and b, which clearly reveal a rapid decrease in the intensity
of the methylene blue peak (~ 661nm). Almost 96% MB dye degradation is observed
in 4 Hr. The same experimental procedure was repeated for 5 cycles and the stability
of activity of the loaded seeds was studied. It was observed that after 5 cycles there is
a progressive decrease (from 96% Degradation to 81% degradation) in the percent dye
degradation as shown in Figure A.5b. Photocatalysis with Fe3O4/TiO, coated seeds
shows only 9% dye degradation without UV light, as expected due to the higher band
gap of TiO, (3.2 eV). The performance of Fe3O,4 /TiO, coated seeds was also tested
after one month. It was observed that even after one month the nanoparticle loaded
seeds show 72% degradation of MB dye in 4 Hr. Hence these seeds can be clearly
used as stable and recoverable photocatalysis media. Presence of Fe3O, in the core of
the swollen seeds allowed us to recover the seeds after completion of photocatalysis
by a magnet, and the same could be used again after washing thoroughly for the next
cycle of the MB dye degradation experiment. Another interesting aspect that was
noted was the absence of any growth of tiny leaves on the seeds loaded with
nanoparticles. Such growth was seen on seeds exposed to light for weeks but was
apparently suppressed in the case of nanoparticle loaded seeds. This interesting matter

is being investigated further.

As seen from Figure A.5c, in the case of Fe304/N:TiO, sequentially loaded seeds,
when the seeds dispersed MB solution is exposed to visible light, 98% degradation of
MB dye is realized in 4Hrs. It was observed that even after 5 cycles (Figure A.5d) the
percentage dye degradation of 83 % could be obtained in 4 hrs. Hence even after 5
cycle the coated seeds maintained good visible light photocatalytic activity. After 5
cycles the seeds were washed thoroughly and kept for one month. The coated seeds
maintained their activity and stability which showed 60% of dye degradation in 4 hrs.
It is clear that these nanoparticle loaded seeds can be used several times for the
degradation of organic pollutants from water suggesting its cost effectiveness and

stability.
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Figure A. 4: Picture of Fe3s04 —TiO, coated seeds before photo catalysis experiments

and seeds after 5 cycles of experiments.

We also tested the antibacterial properties of N doped TiO, loaded seeds in the
presence of visible light source (Please see the experimental section for the details of
the procedure). The choice of N:TiO, system was made because it is known to exhibit
visible light induced antibacterial activity.?**® Results shown in Figure A.6 bring
out that the activity is directly proportional to the illumination time, as expected. After
illumination time of only 2hrs, there was almost 50% reduction of the number of
colonies and after 8 hrs only 5 out of 300 colonies were viable. Thus the N:TiO,
nanoparticles adsorbed on seeds are highly effective in photo-catalytically killing the
bacterial cells. The most important advantage of the studied process is that the seeds
can be easily filtered out by a simple cloth or mesh filter, and reused several times. If
one were to use N:TiO, nanoparticles as such for dispersion in water media for

purification purposes the recovery of nanoparticles is a big problem, as is well known.
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Figure A.5: a & c) UV light photocatalysis and percentage degradation of methylene
blue with TiO, coated seeds; b & d)Visible light photocatalysis and percentage
degradation of methylene blue with N doped TiO, coated seeds

As stated earlier, we also tested the efficacy of Fe3O, nanoparticle loaded
seeds for removal of various heavy metals such as Arsenic (As>*), Chromium (Cr®"),
cadmium (Cd®*) and lead (Pb**) which are threats for biological systems. "** Table
A.1 shows the comparison in the % removal of different heavy metal ions (5ppm)
with both bare seeds and Fe3O, loaded seeds in non-competitive adsorption
experiments, wherein the heavy metal ions were taken separately. It was observed that
bare seeds without Fe;0,4 coating also show removal of heavy metal ions (As*3-53%,
Cr*®- 69%, Pb*%- 44%, Cd*™® — 32% ), but the Fe;O, loaded seeds show almost 90-
100% removal of all heavy metal ions, which is significantly higher than the bare
seeds. Hence loading the seeds with nanoparticles yields much superior performance

in the removal of heavy metal ions.
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Figures A.7 a-d show the heavy metal ion concentration dependence of the %
removal for Fe;O, loaded seed gel-bits for different time intervals. In the case of As,
Cr and Cd, the Fe;O. loaded seeds show excellent removal capacity by removing
almost 60% of heavy metal ions even at the highest concentration of 50 ppm
examined. However, in the case of Pb ions the removal efficiency is somewhat lower
(50%) for the 50 ppm high concentration case. At lower concentrations (1 and 5ppm)
Fes;0,4 loaded seed gel-bits give highest removal capacity (~90%) in the case of As, Cr

and Cd ions and slightly lower removal capacity (~78%) for Pb ions.

300- Antibacterial assay with
| N:TiO2 coated seed
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Figure A.6: Antimicrobial assay with N doped TiO, coated seed in presence of visible

light

To study the competitive adsorption of As, Cr, Cd and Pb all the heavy metal
ions were mixed in equal proportions to make the 50 ppm solution. Figure A.8a and
b show the percentage removal of As, Cr, Cd and Pb from 50ppm solutions with
unloaded seed gel-bits and Fe3O,4 loaded seed gel-bits. Figure A.8a shows that in the
case of unloaded seeds the removal capacity for As and Cr in 2 Hrs is high (up to

50%) whereas for Pb and Cd ions it shows 30-40% removal. However, as shown in
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SI.No. Metals (5ppm) % Removal
Sabja Fe;0,4 —Sabja
1 As " 53.32 99
2 Cr® 69.40 97
4 Pb 44.11 92
5 cd?* 32.35 84

Table A.1: Comparison of percentage removal of different heavy metals with bare

Sabja seeds and Fe;O4 coated seeds.

Figure A.8b when Fe;O,4 loaded seeds are employed, the removal capacity
increases to 90% for As, 80% for Cr, 70% for Cd and 53% for Pb. Indeed, Fe3O; is
known to be a good adsorbent for heavy metal ions. Combining the high swelling
ability of the seeds and good adsorption character of Fe3O,4 leads to enhanced removal

capacity.

Once adsorption experiments were done we recycled the natural seeds and
nanoparticle-loaded seeds. The release of heavy metal ions was achieved by putting
all the seeds in ethanol wherein the seeds got squeezed and all the heavy metals were
released. Then the squeezed seeds were again put in water to swell and could be

reused for another cycle for heavy metal adsorption.

It is now important to estimate the loss of loaded nanoparticles into solution
for successive cycles of processing so as to establish the robustness of the catalysis
support. Towards this end two measurements were performed, namely the inductively
coupled plasma Optical Emission Spectroscopy (ICP-OES) studies to find out the Fe
and Ti concentration in solution after each processing cycle (and thereby the effective
weight of the number of nanoparticles lost) and gravimetric measurements reflecting
the gradual loss of weight of the loaded seeds. The latter measurements are a bit tricky
since the weight of water in seeds is a factor which could fluctuate. Hence the ICP-

OES experiment was done with the same large number of seeds that were used in the
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actual photo-catalysis experiments and statistics of several measurements was used to

present the data. The trends are thus found to be quite systematic in both the cases.
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Figure A.7: a, b, c, d) % removal of As, Cr, Cd and Pb with Fe3O4 Sabja at different

time interval and concentrations in non competitive adsorption.

In these experiments, 50 mg of Fe;04, NPs powder was dispersed thoroughly
in 20 ml of water for 30 mins by ultra-sonication. To this 500 mg (~ 184 seeds) of dry
seeds were added and the solution was stirred well in limited quantity of water for the
coating of Fe3O, NPs onto the seeds, allowing limited swelling as for the
photocatalysis experiments. Such Fe3O4 NP coated seeds were washed once to remove
loosely bound Fe3O4. In another beaker 50 mg of TiO, nanoparticle powder was
dispersed uniformly in 50 ml of water and to this dispersion the Fe3O4, NPs coated
seeds were added and stirred well for the shell-coating of TiO, NPs on Fe3O4 NPs
core. These seeds were allowed to swell completely with sufficient water. After
complete swelling this Fe3O4-TiO, coated seeds were washed once with water to

remove the loosely bound nanoparticles.
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Figure A.8: a and b show removal of As, Cr, Pb and Cd from water with only Sabja

and Fe;04 coated Sabja respectively in competitive adsorption

The dual-loaded seeds were re-dispersed in 100 ml of water and stirred for 30
mins. After 30 mins the seeds were taken out by simple filtration and the rest of the
solution was named sample 1. The procedure was repeated 5 times and solution
samples were collected. The TiO, and Fe3O, quantities in these solutions were
determined by ICP analysis. For the ICP measurements 5 ml of each of these samples
was dissolved in 10 ml of HF and H,SO4 mixture (1:1 ratio). The solutions were kept
for 12 Hr for complete digestion of nanoparticles (FesO4 and TiO;). Thereafter they
were diluted to 100 ml and filtered. The metal concentration was determined by ICP
spectroscopy in these solutions from which metal oxide amount was calculated. Apart
from these studies, to estimate the total weight of nanoparticles loaded on each seed, 5
individual dual-loaded seeds were separately dissolved in HF and H,SO,4 mixture (1:1
ratio) and subjected to digestion of nanoparticles. Then the solution was diluted for
ICP analysis. The ICP-OES data are shown in Table A.2. Here the cycle no.

represents the stirring cycle after which the weight was recorded.

For gravimetric studies similar basic procedure was followed for the coating
of Fe3O4 and TiO, onto seeds (~10 seeds). After the coating these seeds were washed
and weighed on a microbalance. Then these seeds were again re-dispersed in 100 ml
of water and allowed to stir for 30mins. After stirring the seeds were filtered out and
washed. The weight of these seeds was again noted down. Similar procedure was

followed for 5 times and each time weight change was noted down to see the total loss
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of nanoparticles weight during the stirring. Similarly 3 sets of experiments were done

having 10 seeds and the results were shown in Table A.3.

ICP measurements

Cycle no. 1t oM 3" 4" 5 Total Loss
TiO,(mg) 6 4 1 0.5 0.2 11.4
Fe;04(Mg) 3 1 03 005 0004 4.354

Table A.2: ICP Analysis of various samples for TiO, and Fe3O4 quantity

Cycle no. Initial 1° 2" 3" 4" 50
Weight (mg) 433 426 421 417 415 414
Loss (mQ) 7 5 4 2 1
Weight in mg 422 436 431 428 427 426
Loss (mg) 6 5 3 1 1

Weight in mg 432 419 418 415 413
Loss (mQ) 9 4 1 3 2

Table A.3: Gravimetric Measurements of TiO, -Fe;0,4 loaded seeds

From the ICP analysis the total nanoparticle loading per seed was found to be
about 0.41 mg, while that from gravimetric analysis was found to be about 0.55 mg.
This adequately corresponds to about 50 mg of Fe;O4 NPs and 50 mg of TiO,
nanoparticles used for loading on about 185 seeds. From the ICP data shown in the
Table A.2, it is seen that the loss of nanoparticles is about 10% for TiO, and 5% for
FesO, in the very first cycle and it goes down rapidly in the subsequent cycles. The
initial loss may be attributed to still remaining loosely bound particles. In fact after
the first couple of cycles the loss is really negligible suggesting that the catalyst
support is quite robust. As expected, FesO, being in the core, the loss of these
nanoparticles is even less than that of the TiO, nanoparticles forming the outer shell.

The gravimetric measurement data shown in the Table A.3 are also fairly consistent
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with this picture, although the error in the estimate is somewhat larger due to the
reasons explained earlier. On the whole, both these measurements show that
nanoparticle loading followed by adequate initial washing to remove loosely bound

nanoparticles can render a fairly robust catalytic system for repeated use.

A.4  Conclusion

In summary use of natural seed based hydrogel bits as robust, recoverable and
recyclable support for nanoparticulate catalytic media is demonstrated for
multipurpose water purification application. Thus, Ocimum basilicum seeds, which
absorb water to about 30 times their weight, loaded with nanoparticles of visible light
photo-catalyst N-doped TiO, and/or magnetite (FesO,) are shown to be highly
effective for photocatalytic degradation of toxins or bacteria, and for removal of
heavy metal ions (As®**, Cr®, Pb?*, Cd*"). Interestingly the gel bits maintain their
individual identity without agglomeration or fusing, and given their swollen size of
about few millimetres they can be easily separated out by simple cloth or millimetre
scale filtering. This alleviates the difficulties associated with separating nanoparticles
dispersed in the media directly for photocatalytic or other purification purposes. With
magnetic nanoparticle co-loading they can also be separated out by magnetic field,

which can be beneficial in situations wherein filtering may not be an easy option.
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